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A bstract
Room tem perature Photoreflectance and Spectroscopic Ellipsom etry were used to 
study the valence band axial s tra in  deformation potential in pseudomorphic 
strained  In gGa gAs on GaAs, the band offsets in strained single quantum  wells of 
lugGagAs with AlyGa j^.y^As (y=0 , 5, 10 and 2 0 %) barriers on GaAs and the 
composition and thicknesses of lattice m atched (Ga, As, In, Al, P) -based 
m ultilayers. The sam ples were grown by MBE and MOVPE.
The photoreflectance spectra from a num ber of In gGa gAs layers w ith thicknesses 
from 100Â to 8000Â grown on GaAs substrates were m easured. They showed clear, 
well defined structures a ttribu ted  to the splitting of the valence band into the 
M j=±3/2,± 1 / 2  manifolds. Their separation was observed to decrease and the ir 
overall position to move to lower energy w ith increasing thickness. Complex GaAs 
substra te  structures were also observed whose shape was a ttribu ted  to 
interference. The spectra were modelled using a Kram ers-K ronig transform ation 
to deduce the num ber, m agnitude and broadening of the oscillators needed for a 
least-squares fit using Aspnes’ th ird  derivative functional form for a 3d critical
point. Excellent fits were obtained which are unrivalled in  previous PR analysis. 
The position of the strained  split structures corresponded well w ith the m easured 
s tra in  from x-ray analysis and theory. From  these splittings, values of the axial 
deform ation potential, b, were obtained in  the range -2.5 to -1.54eV.
The photoreflectance from the single quantum  wells showed clear, complex 
spectra. Good fits were obtained using the th ird  derivative functional form (TDFF) 
for a 2d critical point. Both sym m etry allowed and forbidden transitions were 
observed. The predicted transitions were calculated using an  effective m ass 
formalism. Reasonable agreem ent w ith the experim entally observed confined 
transition  energies was found. The band offsets were estim ated by allowing the 
theoretical offsets, determ ined from the theory of Van der Walle, to vary until a 
good m atch w ith observed transitions was obtained. Conduction to valence band 
offset values of 60:40 ± 8 % were obtained, well w ithin the range predicted by other 
workers.
Spectroscopic ellipsometry has been used to m easured the compositions and 
thicknesses of two-, three-, and four-layer structures consisting of Al gGa gAs/GaAs 
and In  sgGa 4 7 AS/AI 4 gGa ggAs/InP lattice m atched m aterials. A simple procedure was 
developed to obtain the dielectric values of Al^IuggAs by scaling InP  values. These 
were used to sim ulate the te st structures. Very good agreem ent w ith destructive 
techniques have been obtained. These were compared to the thickness values 
obtained using actual m easured Al^In^gAs reference data.
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Chapter 1 
Introduction
1.1 O verview
The development of semiconductor growth techniques such as molecular beam 
epitaxy (MBE) and metal-organo vapour-phase epitaxy (MOVPE) has progTessed 
rapidly over the la s t tw enty years. Such is the present state of development that, 
to all in tense and purposes, these techniques are capable of realising routinely 
high quality, u ltra -th in  layers of different m aterials grown as a single crystal. This 
has facilitated the ability to grow a whole new range of m aterials and therefore 
semiconductor devices which have allowed continued progress. These m aterials 
system s include strained layers where the lattice constant of the constituent atoms 
is slightly different to th a t of the substrate. The s tra in  energy is stored w ithin the 
lattice provided the layer thickness is not too great. This has profound effects on 
the crystal’s electronic bandstructure. I t  is also possible to grow th in  layers so th a t 
they show quantum  effects associated with reduced dimensionality. Both these 
m aterials and structures reveal in teresting  applications for devices and offer new 
opportunities to investigate their physics. C haracterisation of these systems 
therefore plays a major role in  the development process. Num erous techniques
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exist presently which are well established and reliable. However, m ost have the 
lim itation of being performed under extreme conditions of tem perature, pressure 
and  m agnetic fields, and usually require destructive sample preparation. I t  is the 
concern of th is work to investigate the potential of photoreflectance (PR) and 
spectroscopic ellipsometry (SE) techniques which may be performed a t room 
tem perature  and m ay be non-destructive. In  PR a m odulating electric field is used 
to pertu rb  the crystal bandstructure. This perturbation can be observed through 
its effect on simple reflection from the sample. Fundam ental param eters such as 
critical points, energy phase and broadening term s can therefore be deduced. From 
those a range of m aterial param eters m ay be inferred including the effects of built- 
in  strain , excited states and band off-sets. SE is sim ilarly a light reflectivity 
technique which m easures dielectric functions. This provides inform ation on all 
optical processes which can be related  back to bandstructure param eters as well 
as physical quantities such as layer thickness and composition.
This thesis is divided into seven chapters. It is arranged as follows:
C hapter two presents a non-m athem atically rigorous theory of PR and 
electroreflectance (ER), two examples of m odulation spectroscopy. Since the two 
are very sim ilar and the theory developed for the la tter, it  is explained in th a t 
context. Following a brief background on absorption, joint density of sta tes and 
critical points in  bandstructures, modulation spectroscopy is described. After an 
historical account of the development of ER theory, an  account is presented both 
qualitatively and quantitatively. Finally, the results are applied to a simple 3d 
parabolic density of states common to bulk m aterials the effects of carrier lifetime
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and exciton effects on lineshapes is discussed.
C hapter three describes in detail the experim ental procedures adopted for 
m easuring PR spectra and the steps taken  to obtain norm alised derivative spectra. 
Finally, the lineshape fitting of the experim ental spectra using the Kram ers- 
Kronig (KK) transform ation of the differential spectra is detailed.
C hapter four to six describe the experim ental work carried out.
C hapter four reports the investigation of room tem perature PR determ ination of 
the valence band shear deformation potential (b) in strained InGaAs on GaAs 
layers of various thicknesses. This is accomplished by the experim ental 
observation of electronic transitions between the conduction band and the valence 
subbands split into the heavy- and light-hole manifolds. The m easured splitting 
are re lated  to theory from which b is determined. Also discussed are the complex 
PR GaAs substrate  structures observed.
C hapter five reports the application of room tem perature PR in  the 
characterisation of the band off-sets of strained InGaAs quantum  wells with 
AlGaAs bai'riers of varying Al composition. This is performed through the 
assessm ent of the quantum  confined states. These are fit and the corresponding 
transition  energies related  to a theoretical model. The factors lim iting this 
comparison, and which therefore the accuracy of the offset values are discussed. 
C hapter six reports the extension of room tem perature spectroscopic ellipsometry, 
for the first time, to m ultilayer device structures to determ ine epilayer 
compositions and thicknesses. S tructures involving binary and ternary  compounds 
of Al, In, Ga, P and As are investigated for thicknesses in  the range 100Â to 3pm.
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The experim ental spectra are modelled by constructing theoretical models. These 
are optimised by varying epilayer thickness and the values compared w ith x-ray 
techniques. A technique is presented for sim ulating AlInAs dielectric data  from 
InP  values. The resu lts obtained were compared with AlInAs m easured dielectric 
da ta  for the first time. A comparison of thicknesses determ ined by each technique 
is then  presented.
1.2 B ulk  III-V Sem iconductors
H ere some of the basic concepts of solid sta te  theory th a t applies to semiconductor 
m ateria ls are explained briefly. More detailed accounts can be obtained from the 
standard  texts by Ashcroft & Mermin^^^ and Kittel^^l
The electronic properties of crystals are determ ined by their bandstructure which 
is in  tu rn  defined both by the arrangem ent of the atoms w ithin the lattice and 
their electronic distribution. The bandstructure specifies the allowed energy states 
th a t an  electron can occupy in  the crystal. It also contains energy ranges where 
electron states are not allowed, called bandgaps. Semiconductors are characterised 
by a principle bandgap (E^ ,) typically in  the range 0 to 2eV and whose properties 
are strongly dependent upon tem perature and im purity concentration.
Most III-V semiconductors crystallise into the zincblende structure shown in  figure 
1.1. Each atom  has four equidistant, nearest neighbours lying a t the corners of a 
tetrahedron. The bonds between two neighbouring atoms are formed by two 
electrons of opposite spin. The zincblende lattice can be considered as two 
in terpenetra ting  face-centred cubic lattices. For example in GaAs, one sub-lattice
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is formed by Ga atom s and the other by As atoms, as indicated in fig. 1 .1 .
F igure 1 .1 . A schematic representation of the  Zincblende structure.
[001] ^  z
X  / [O lO ]
Kx [100]
[lllj
F igure 1 .2 . A schematic representation of the first Brillouin zone. Points of high 
sym m etry are also shown.
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It is convenient to describe the electronic properties of the crystal through the idea 
of a reciprocal or k-space, called the Brillouin zone. The first Brillouin zone of 
m ost III-V semiconductors is a truncated  octohedron, shown in  figure 1.2. 
Im portan t points of high sym m etry are the F point a t the zone centre, the X point 
a t the zone boundary in  the (100) direction and the L point also a t the zone 
boundary in  the (111) direction. The bandstructure of GaAs is shown in  figure 1.3 
and is complex. Fortunately, for practical and experim ental applications, only a 
small region of k-space round the band extrem a are im portant. This is shown in 
figure 1.4 for a direct gap m aterial. The conduction band originates from an ti­
bonding s-orbitals and is separated by the bandgap energy from the valence bands. 
The valence band consists of three bands, originating from bonding p-orbitals. For 
the two upper m ost bands, one has a large dispersion in the vicinity of the zone 
centre called the light-hole band and the other a small dispersion called the heavy- 
hole band. They are degenerate a t the zone centre. The th ird  band is separated by 
a spin-orbit interaction from the other two by an energy a t the zone centre. This 
is called the spin-orbit band. The bands are approximately parabolic near the zone 
centre and can be characterised by a constant effective m ass for each band defined 
by,
1 _ 1 d^E{k) ( 1.1)m * h dk^
I t is possible to form ternary  and quaternary  compounds between different III-V 
binary  compounds. Their bandstructure can be defined using the virtual crystal 
approxim ation as for the binary m aterials.
C hap ter  1
G aA s
- 1 0
- 1 2
W ove V ecto r it
Figure 1.3. The GaAs bandstructure after Cohen and Chelikowoky [ 3 ]
Figure 1.4. A schematic representation  of the localised bandstructure in  the 
vicinity of the F-point.
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1.3 H eterojunctions
A heterojunction is the term  given to the interface formed betw een two different 
m aterials. Heterojunctions may be formed not only between pure m aterials bu t 
also between alloys. V ariations in the composition of binary and ternary  alloys 
yield variations in  the lattice constant which are well described by a linear 
interpolation. Since the m aterials forming the heterojunction are most likely to 
have different band gap energies the resulting band alignm ent forms a 
discontinuity a t the interface. If  the m ateria ls have the same or sim ilar lattice 
constant the heterojunction can be grown as a single crystal. The m ost im portant 
example is the GaAs/AlyGa^.^jAs heterojunction.
The exact alignm ent of the bands is very im portant for device applications and is 
the subject of in tense research. It has recently been known th a t for the m aterial 
system s used here the band off-set is to a g reat extent determ ined by the bulk 
properties of the semiconductors forming the heterojunction^'^*. Heterojunctions can 
be classified into three broad categories depending upon how the bands are aligned 
relative to each other a t the interface. We can define the valence and conduction 
band offsets as ,
Q,=___________________________________( 1 .2 )(AE^-AEJ
Q,=I-Q. (1-3)
where AE  ^ and AE^ . are the valence and conduction band discontinuities. If the 
band gap of one m aterial lies entirely inside the band gap of the other it  is term ed 
type I. If  the lowest sta te  of the carriers, either electrons or holes, are in different
C hapter 1
m aterials and therefore spatially separated, this is termed type II, Type 111 are 
formed between a semiconductor and a semimetal. These are shown schematically 
in figure 1.5 for type I and II. Here we are only concerned with the first two. 
These definitions are not exact and can be ambiguous. For example a 
heterojunction may be type 1  for heavy-holes and type 1 1  for light-holes a t F.
1.4 Q uantum  Wells
A quantum  well can be considered as two heterojunctions formed back to back 
usually having the same m aterial for the outer layers and a th in  middle layer of 
lower band gap energy.
T ' l-'c2AEc
E v r  '  i  > AEv I Î ' '
• V 2
AE,
S'-- ' '
I A E v
E V 2
AEc 
Eci 
i;vi
IbAs
- V \  V ' I - C 2
y ...
" E v2
AE,
Type I Type 11 s t a c 5c: i ;r i : i3
Figure 1.5. A representation of hetrojunction band line-ups for GaAs/AlGaAs: (a) 
Type I, and (b) Type 11, both aligned and misaligned. E^^g) are the
conduction and valence band energies of m aterials 1  and 2  respectively.
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If  the  middle layer is sufficiently th in  quantum  confinement effects become 
im portant. Figure 1 .6 , shows a schematic of a type I square quantum  well and the 
resu lting  quantum  well band structure^”’^ 'l In this figure the solid lines w ithin the 
well represen t the F extrem a in the valence and conduction bands. The 
wavefunctions and energies of the confined states are indicated. The HH and LH 
transitions are shown separately for clarity bu t they both exist w ithin the well. 
Note th a t in  the valence band there are two sets of energies associated with the 
light-hole (LH) and heavy-hole (HH) bands explained later. If th is sequence of 
structures is repeated m ultiple quantum  wells are formed. There are usually three 
components to a square quantum  well: a buffer layer separating the quantum  well 
from the substrate , the quantum  well layer, InGaAs in this case, and finally a 
cladding layer, either AlGaAs or GaAs in  th is case.
The confinement of carriers to the narrow  (well) layers leads to quantisation of the 
free particle states along the growth direction. Q uantisation produces discrete 
sta tes whose energy depends upon the well thickness and its depth 'll The four-fold 
degeneracy of the valence band in  zincblende type m aterials splits into two doubly 
degenerate valence subbands characterised by the m agnitude of the original 
m asses of the holes. These are term ed the heavy- and light-hole bands. The first 
conduction band is not affected by splitting. The notation nniH(L) denotes 
transitions between the n th  conduction to the m th valence subbands of the heavy-
(H) or light- (L) hole character. If the well were infinitely deep and both the 
valence and conduction bands parabolic, the so-called "allowed" selection rules for 
the in terband  transitions can be obtained, i.e. m=n,. For finite wells the situation
10
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is more complex. While the selection rule is still applicable, i t  m ay be broken due 
to non-parabolicity of the band edge states as well as the influence of the an 
electric-field both in ternal or applied externally. The am ount of penetration into 
the b arrie r region is dependent upon the position of the state  w ith respect to the 
top of the barrier. Therefore the overlap integi’al between the electron and hole 
states for "forbidden" transitions need not be equal to zero. Thus, forbidden 
transitions m ay also be observed^^l
A I.— 0
1—1
1^ 2
Heavy Hole
1 - 1
1=1
Light Hole
Figure 1.6. Type I quantum  well band line-up. The light-hole and heavy-hole 
states are shown separated  for clarity.
If  the w ell/barrier structure is repeated a superlattice is formed. This is shown in 
figure 1.7. If  the barriers are sufficiently wide, each quantum  well has very little 
effect on its neighbour. However, if the barriers are sufficiently thin, the
11
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wavefunction associated w ith the confined states of the well penetrate  into the 
barrie r region and overlap, shown in  fig. 1.7. Electrons are therefore allowed to 
travel from one well to another through the barrier. This leads to broadening of 
the discrete confined levels into bands.
Energy
Z
Figure 1.7. Q uantum  well structure  and wavefunction overlap of each well across 
the barrier.
1.5 Strain
I t  is now possible to grow high quality epitaxial layers of low dislocation density 
where there is significant m ism atch in lattice constant between successive layers. 
This resu lts in  s tra in  w ithin the epitaxial layers, which depends upon the
12
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substrate , relaxation and relative thickness of the layers. S tra in  significantly 
alters the band structure of a m aterial and therefore the alignm ent of the energy 
bands a t  the heterojunction^^l This is reviewed by O ' R e i l l y a n d  is described 
fu rther in  chapter 4.
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Chapter 2 
Theory of Photorefleetance and
Electroreflectance
2.1 Introduction
This chapter describes the effect of an externally applied electric field on the 
reflectance and dielectric function of a semiconductor. Bottka and Glosser'^'^ have 
shown th a t a one-to-one correspondence between electroreflectance (ER) and 
photoreflectance (PR) exists. Almost identical line shapes can be obtained for ER 
and PR provided th a t the built-in electric fields are very nearly  equal. PR can 
therefore be described as a contactless form of ER^ '^^\ thus reference is made 
throughout to ER since historically theoretical descriptions were first developed 
for ER. The description presented here is not m athem atically rigorous. Firstly, an 
introduction to the phenom ena absorption in  relation to the dielectric function is 
briefly described. Next, the joint-density-of-states and types of critical points in 
bandstructures is detailed. Following this, m odulation spectroscopy is described 
and equations derived describing first-derivative lineshapes. Next, ER is described, 
from general features to an historical account of the effect of an electric-field on 
the absorption of a semiconductor. Finally, ER is described both qualitatively and 
theoretically in  term s of the unperturbed dielectric function, w ith em phasis on the
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low field lim it. This is then  applied to a simple parabolic density-of-states 
function. Finally, the effects of lineshape broadening and excitons is described.
2.2 B ackground
2.2.1 A bsorption
The process of absorption and reflection is presented on a conceptual level from 
the viewpoint of the electronic bandstructure of a solid. The link between 
reflectance and bandstructure is the generation of an  electron-hole pair upon 
absorption of a photon. To examine the ne t effect, the probability of an individual 
absorption process and the sum  of all such processes m ust be determ ined. The link 
between the sum of these transitions and the macroscopic optical properties of the 
solid can then  be made.
Consider a monochromatic uniform flux of photons entering an absorbing medium 
in  a plane a t x = 0  w ith energy density 1 (0 ), which is reduced to 1 (d) after 
penetra ting  to the plane a t x=d. This can be expressed in term s of the absorption 
coefficient, a , of the medium.
in I (0) = a .d  (2.1)
I (d)
where a= m £2 (co)/nc and co is the frequency of the radiation, is the im aginary 
p a rt of the dielectric function, 8 (co)=ei(œ)+i8 2 (CL)), of the solid and describes the 
optical properties of the medium a t all photon energies E=hco, where h is Plancks 
constant. If absorption is defined such th a t i t  excludes reflection and scattering 
losses, it is reasonable to sta te  th a t absorption is caused solely by electronic
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transitions. Thus the physical quantity  m ost directly related  to these transitions 
is Eg. This can be determ ined through absorption m easurem ents or more accurately 
through reflectance experim ents as in  spectroscopic ellipsom etry (SE).
Following the analysis of 8eraphin^^\ consider the probability of an optical 
transition  between two states. The analysis begins w ith the stim ulation of an 
electron from an in itial sta te  i w ith initial energy E^  and wave-vector Iq to a final 
sta te  f  of energy E^ and wave-vector kp We assum e th a t these two states rem ain 
unchanged both before and after the electronic transition. T hat is, the absorption 
has no significant effect on the electronic states of a crystal. The in teraction of an 
electrom agnetic field on the electron can be considered by the addition of the field 
term  in  the one-electron H am iltonian of the system. For an  electric field of 
frequency co and polarisation ê this is incorporated as a tim e-dependent 
perturbation  operator. The probability of finding the electron in an  excited state  
is given by the m atrix  elem ent of the perturbation. Thus, the num ber of 
transitions per u n it tim e is given by,
1 ê.M .H .5(F,-F. -&o) (2.2)dt u J ‘
where |ê.Mjf| is the m atrix elem ent of the perturbing light w .r.t the functions of 
the in itia l and final states. The delta function of eq. (2.2) ensures th a t only those 
transitions whose energy separation is equal to th a t between the in itial and final 
s ta tes m ay occur. The polarisation vector ê of the incident light is coupled to the 
in itial and final states. This implies th a t selection rules are imposed upon the 
sym m etry n a tu re  of the wavefunctions. Thus under certain polarisations some
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electronic transitions are forbidden. The m atrix elem ent is only valid for the 
condition p -p '+ q  =0, where q  is the mom entum  of the absorbed photon, and p  and 
p  are the in itial and final m om enta of the electron before and after the transition  
respectively. Thus, the sum of the to tal m omentum change involved in  the 
transition  is zero. Since q  is small for frequencies in the optical range compared 
to both p  and p  it  can be ignored. This therefore imposes the next condition on 
absorption; absorption only connects vertical transitions in k-space. This is a 
som ew hat simplistic view of absorption and rem ains controversial, b u t it 
establishes the link between optical absorption and bandstructure in a stra igh t 
forward m anner.
2.2.2 Joint-D ensity-of-S tates F unction
The im aginary p a rt of the dielectric function. Eg can be expressed as^ '*^ ,
ej(cû)- f - 3 — \è.M \‘  5(.AE-fko) d^k (2.3)
for electronic states of the same wave k-vector and separated by the energy 
difference Ep - E-= AE =hco. The basis of this equation m aintains the assum ption 
th a t absorption is the sum of these individual electronic transitions. Transform ing 
the in tegral over k-space to an integral over a surface S of constant energy, 
AE=const., gives,
Jd^K=JdS V J(coJk))|-' (2.4)
The gradient in  the denom inator introduces singularities of points in  k-space. The
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(2.5)^ {2ny
points where these occur are called critical points or Van Hove singularities’^'’^  
These singularities will dominate the Eg spectral profile. Four types of critical 
points exist, Mq, Mp, Mg and Mg, th is is explained further in  section 2.2.3,
By assum ing th a t for pairs of sta tes located vertically above each other and 
regardless of their location in  the Brillouin zone (BZ), the m atrix  elem ent is the 
same for all pairs of sta tes, then  we can define the joint-density-of-states function 
(JDOS), J(AE), as.
J(AE) = f_3_ 8(AE-hffl)d’A' (2.6)
HZ ( 2 ^ ) ^
This represents the simple counting of states in  the BZ since the pairs of energy 
sta tes en ter into the integral w ith the same weight. Thus the spectral profile of 
the experim entally determ ined Eg will reflect the features of th is sum  and, 
therefore, the features of the energy bandstructure. This is the working hypothesis 
of bandstructure  analysis. Over a constant energy surface, S, eq. (2.6) becomes
™ • i k ± - w m
2.2.3 C ritical-Points in  B andstructure
From  eq. (2.7) it  can be seen th a t the function tends to infinity wherever V^/AE)=0, 
i.e. singularities. Thus the gradient variation of E; or Ep with k are equal, though
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not necessarily zero, and the density-of-states (DOS) is large since their separation 
does not change over a small region of k-space. The JDOS function, therefore 
passes through a slope discontinuity. Since critical points are necessarily present 
a t points of high sym m etry in  the BZ, we can now form ulate the following working 
hypothesis of bandstructure  analysis: a t points of high sym m etry where critical 
points occur, slope discontinuities in the JDOS function occur. This subsequently 
leads to s tructure  in  Eg. These slope discontinuities correlate to the band 
separation a t these high sym m etry points in the BZ, such as a t  the centre or 
edges. The na tu re  of the critical points can be determ ined by their variation in  k- 
space. This can be achieved through a Taylors expansion of 
AE=Ep - Ej,
AE = AE„ - è  a„(K„-kJ^ (2.8)
a = l
Four different classes of critical points emerge where the a’s usually represent 
electronic mass:
M„ for a^ , ag and a^  > 0 
Ml for a^ ag > 0 and a^  < 0 
Mg for Ui > 0 and ag, ag < 0 
Mg for a^ , ag, and ag < 0
Transform ing this expansion into eq. (2.7) generates the functional dependence of 
the JDOS around a critical point of the four different classes. The expected slope 
discontinuities follow a square-root law and are shown in  figure 2.1,
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F igure 2.1. The joint-density-of-states function after Aspnes and Bottka^®l
2.3 M odulation  Spectroscopy
M odulation spectroscopy m ay be placed into two categories, tensorial and non- 
tensorial. Tensorial modulation occurs if  translational invariance is removed 
resu lting  in  the acceleration of carriers. In  this case third-derivative optical 
spectra w ith respect to the unperturbed  dielectric function are obtained^‘^ '^ ’^ ’^ ’^ 1 This 
is derived later. Exam ples include ER, PR and m agnetic field modulation. Non- 
tensorial m odulation occurs if the translation  invariance of the crystal is 
preserved, although its symmetry can be changed’^ l^ This leads to first-derivative 
spectra w ith respect to the perturbing variable'-‘^’®’'^ ’®l Examples include 
tem peratu re  and hydrostatic pressure modulation.
In  a semiconductor the Ferm i level is pinned to the surface states a t the solid/air 
(or vacuum ) interface. Charge is therefore trapped in  these states resulting in  the
2 1
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generation of an in ternal electric field. Application of an  external electric field 
upon the semiconductor leads to modulation of the built-in electric field. These 
pairs separate in  the built-in electric field w ith the m inority carriers going to the 
surface. At the surface the photogenerated carriers recombine w ith charge trapped 
in  the  surface states and reduce the built-in field. The periodic application of the 
external electric field results in  m odulation on the in terna l field^’°’" l  In ER the 
field is m odulated directly through an electrical contact to the m aterial. In the 
case of, PR carriers are produced by absorption of the laser light directed a t the 
sample. M odulation is therefore produced by m odulating the laser beam.
A theoretical in terpretation  of the modulation param eter, such as electric field, 
stress or tem perature, predict specific lineshapes for the changes in the real and 
complex parts of the dielectric function, ASj and ASg respectively, a t a particu lar 
critical point type and location in  the This therefore leads to the possibility 
of unam biguous identification of critical points in the m easured spectral 
dependence of AR/R from observations of specific lineshapes.
2.4 E lectroreflectan ce
2.4.1 G eneral F eatures o f E lectroreflectance
Séraphin first performed ER on Ge resulting in a relatively weak structure  a t the 
Eq threshold of the differential r e f l e c t a n c e ^ E R  is the oldest and m ost popular 
of the m odulation techniques. Its  popularity lies in the relative simplicity in  which 
an  electric field can be applied to semiconductors through Schottky/ohmic contacts, 
operated in  reverse bias or depletion mode Alternatively, the electric field can
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be applied by placing the sample in an electrolyte, such as KCl, KOH or any acidic 
solution^ '^^^^ . W hen the chemical potential of the solution and the Ferm i level of 
the semiconductor come to equilibrium, charge is transferred between the solution 
and  the semiconductor inducing an electric field. This field can be modulated by 
applying an external potential between the semiconductor and a P t counter 
electrode. This is called electrolyte ER. Care m ust, however, be taken in the choice 
of solution as i t  may corrode the semiconductor'^’''’I For both field applications, the 
resulting  m odulated spectra are sharp  and show clear, large oscillations due to 
suppression of the background noise, around critical points, which fall to zero for 
regions in  between away from these critical points. An example of simple 
reflectance, first derivative and third-derivative reflectance is shown in figure 2.2 
for GaAs, after Aspnes'^’l  This figure clearly dem onstrates the high resolution 
capability of th ird  derivative modulation. ER is probably the m ost complicated of 
the m odulation techniques. The resulting lineshape is due to a num ber of 
contributions which vary from m aterial to m aterial. In terband effects of the Franz- 
Keldysh type, explained in section 2.4.2, as well as the influence of the field on the 
electron-hole pair and electron-lattice interactions also contribute and vary over 
the spectral range. These contributing mechanisms add to the difficulty in 
in terpreting  the lineshape. Additionally, the fundam ental uncertainties are 
increased by experim ental difficulties. P resen t sample geometries introduce field 
inhomogeneities which distribute the electric field w ithin the sample in a complex 
m anner. Thus i t  is difficult to determ ine the electric field a t any one point and to 
correlate th is to the resulting  lineshapes. However, the theories developed explain
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the  observed experim ental AE/R very well.
0.6
GaAs
0 .5
R ( 3 0 0 K )
0 .4
0.3
(XIO)
- 2
ER (10 K)
42O 6
E ( ev)
Figure 2.2. A comparison of three types of reflectance spectra from 0-6eV for a 
typical semiconductor, GaAs. Top: simple reflectance; middle: firs t derivative; 
bottom: th ird  derivative. After Aspnes^^^l
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2.4.2 H istorica l D evelopm ent o f E lectroreflectan ce Theory
The theories of Franz^^’  ^ and Keldysh^'^^ separately predicted th a t absorption was 
possible below the fundam ental edge when an electric field was applied to a 
semiconductor or insulator. The electrons could tunnel across the fundam ental 
energy gap. This effect was purely quantum  mechanical and could not be 
explained in  classical term s. The predictions of the theories were confirmed by 
electroabsorption"^^^'^^'^^^ and in  Both theories, which were essentially
identical, were based on the fact th a t the electric field acted as a force directly on 
the electrons them selves ra th e r than  on the potential energy in  which they were 
located. Following the theory of Franz and Keldysh, the next theoretical 
development in  the description of field modulation was the application of the 
effective m ass approach of Elliott^^^’ to isotropic critical point thresholds by 
Tharmalingham^^'^^. The theory was extended to critical points of arb itrary  
types"^ "^^ '^ ^^  and dimension^^^’^ and then  to arb itrary  bandstructure w ithin a locally 
parabolic approximation^^^l The more general anisotropic m ass theories involved 
complicated combinations of Airy and related functions which could not be readily 
applied to experim ental data. The theory was further extended and the difficulty 
of rela ting  the effective m ass approach, for an  arb itrary  bandstructure w ithin a 
parabolic approximation, and experim ental data was solved by Aspnes and 
Rowe '^^’^®^. In the lim it of large broadening the complicated expressions reduced to 
a simple form and showed the resulting  lineshapes were related to the third- 
derivative of the unperturbed dielectric function. This third-derivative regime was 
dependent upon the energy gained by the electron upon acceleration through the
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field. Specifically, if  the energy gained by the electron from the field was less or 
g reater th an  the phenomenological broadening, Three separate regions could 
be distinguished which were dependent upon the field strength^^^^:
1) A low field regime, where broadening effects dominate and lineshapes are 
related  to the third-derivative of the unperturbed dielectric function.
2) An in term ediate regime, (often term ed high field), where the field induced 
acceleration dom inates the broadening and the full quantum  mechanical approach 
of Franz^^^^ and  KeldysW^^^ is necessary. Above the fundam ental gap a series of 
oscillations were predicted whose period was directly dependent on 2/3 the power 
of the field strength  and inversely proportional to 1/3 the power of the reduced 
m ass, called Franz-Keldysh oscillations (FKO).
3) Finally, the high field regime, where the field drop across the un it cell of the 
crystal is so large th a t it  alters the bandstructure itself (the S tark  effect). This is 
not norm ally atta ined  in m odulation experiments.
ER m easurem ents are performed in several configurations and conditions which 
depend on the precise inform ation required. Spectroscopy is usually performed in 
the first two regimes, bu t more so in the first than  the second due to the relative 
simplicity in in terpretation  of spectra. The interm ediate regime is characterised 
by FKO and can be used to m easure in terband masses^^^’l These three regimes are 
defined more accurately in section 2.4.4.
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2.4.3 Q ualitative D escrip tion  of E lectroreflectan ce
This analysis follows Seraphin^^^ and begins w ith the effect of a change in dielectric 
function, Ae on the reflectance. The reflectance of a two phase (substrate-am bient) 
m ateria l of refractive index n  in  an  am bient n„ for normal incidence is given by,
R = n -nn +n
( 2 . 9 )
where n is related to the real and im aginary parts  of the dielectric constant.
As explained earlier, all optical properties can be described by the dielectric 
function. We can therefore express R as a function of and Eg. Using the am bient 
as air (n.,=l) the Fresnel equation for normal incidence becomes,
R=.( 4  +  e ^ ) ' / 2 _ 2 g , +  2 ( G ;  + G g ) ' / ^
1/2
+  1
( 8 f  +  G b ' / "  + 2 g , +  2 ( G ^ + G b ' ' " '
1/2
+  1
(2.10)
Its total differential gives a phenomenological description of reflectance 
modulation^^®’'”^
AR_ = a(e ,^G )^AG  ^ + |3(G,,G^ )AG, (2 . 11)
here a  and (3 are called the Séraphin coefficients*^^^l These are common to all
m odulation reflectance techniques and differ only in their "microscopic"
contributions to the changes Ae^  and Ae^ . Consider the case for normal incidence,
if  it  is assum ed the and Eg are scalar quantities, eq. (2.10) can be differentiated
w.r.t. El and Eg, which gives the Séraphin two coefficients of eq. (2.11)^^^  ^ where, 
(see equations (2.12a-e) overleaf)
For semiconductors a t room tem perature the Séraphin coefficients have a
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characteristic variation. An example is shown in figure 2.3 for GaAs.
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Figure 2.3. The Séraphin  coefficients variation for GaAs after Seraphin^^l
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Below the fundam ental edge AR/R is directly proportional to Ae,. Around 2-3eV for 
the E;i critical point a  and p both contribute equally to AR/R. At E.^ , around 5eV, 
P is small and AR/R is proportional to - Ae,. In general above the fundam ental edge 
AR/R is always a m ixture of Ae^  and Ae^ . N ear the fundam ental gap of bulk 
m aterials, p~0 so th a t AR/R is approximately Ae/'^l For rapidly varying a  or P 
near a structure, AR/R m ay not be a true representation of either Ae, or Aeg, or 
even a fixed linear combination of them, particularly  for first derivative techniques 
where lineshapes are ra th e r broad '^ '^ .^ For modulation reflectance a t non-normal 
incidence, the coefficients a  and P become functions of the incident angW^'^l 
I f  a perturbation, P, is applied to the m aterial, the change in  the dielectric 
function of eq. (2.11) can be expressed as,
Ae = be §e 6 r  be bl+  +bE bP b r  bP bl bP
AP (2.13)
where E^ is the band gap energy, F is defined earlier and the intensity. I, of the 
transition  are functions of P. For bound states such as excitons, im purities, 
quantum  wells and uncoupled states in m ultiple quantum  wells, the applied 
electric field ^ d o es  not accelerate the carriers. This is simply the resu lt of them  
not having translational sym m etry and being confined in space. Their energy 
spectrum  is discrete and not continuous as in  the case of unbound carriers. The 
m odulation therefore occurs through changes in the shape of the binding potential 
and thus the binding energy of the particle. This is known as the S tark  effect. 
Also, the field can vary the in tensity  of a transition through a physical separation 
of the electron and hole or the lifetime of the states in  the case of a finite binding
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potential.
All m odulation techniques are identical in  the respect th a t they change the 
dielectric properties of the unperturbed solid. These changes can be described by 
calculating the change Ae(ê) of the complex dielectric function. The effect of an 
electric field on the electrons of a crystal can be described in  m any ways. In all of 
these, the field generated potential term  e ^ x ,  where e is he electronic charge, can 
be incorporated in the one-electron H am iltonian of the system  either in  a time- 
dependent or stationary state gauge. Both are equivalent. It is of fundam ental 
im portance th a t the perturbation  term  e ^ x  is not lattice periodic; it  m anifests 
itself as a n e t force th a t acts directly upon the electrons causing them  to accelerate 
through the crystal, following the theories of F r a n z ' a n d  Keldysh'^^l This, 
therefore, destroys the translational invariance of the H am iltonian in  the field 
direction. The component of the wave-vector of the electron in  this direction is no 
longer a good quantum  num ber. This translational invariance imposes a tensorial 
character on the previously isotropic dielectric tensor. Consequently, effects such 
as orientation of the electric field relative to the polarisation of the probe beam 
become im portant, which can be exploited to determ ine the sym m etry natu re  of 
critical points in  k-space. This symm etry inform ation can be obtained through the 
m atrix  elem ent describing the electronic transitions between states and is 
particu larly  im portan t for critical points away from the centre of the BZ which 
increases the diagnostic potential of ER. For electrons in a crystal the free electron 
energy parabola breaks up into energy bands. Optical absorption is possible, 
shown schem atically in figure 2.4(a), in  the reduced zone scheme, as a vertical line
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in  an  energy band diagram  between two states. For a 3d absorption edge, Eg 
assum es a square-root threshold form, shown broadened in  fig. 2.4(a). If  the 
crystal is now pertu rbed  and lattice periodicity is retained, optical transitions 
rem ain  vertical. The dom inant changes appear directly as small shifts in  the 
energy gap or am plitudes of the m om entum  m atrix elements. Since these are 
sm all relative to the energy gap, the induced changes in e are first order and 
approxim ated by firs t derivative lineshapes, fig. 2.4(a).
UNPERTURBED
PERTURBED
DIFFERENCES T R E S S
(a)
E L E C T R I C
F I E L D(b)
tw
Figure 2.4. (a): a schem atic diagram  of the changes in  the im aginary p a rt of the 
dielectric function expected for a first derivative modulation process where lattice 
periodicity is preserved, (b): a sim ilar diagram  for electric field m odulation where 
la ttice  periodicity is not preserved. The effect of the perturbation  on the energy 
bandstructu re  and optical transition  is shown a t th e  left in  each case. After 
Aspnes^^*^^
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The breakdown of translational invariance is the central reason for the complexity 
of ER theory, which leads to the im portan t and characteristic relationship between 
ER spectra and the th ird  derivative natu re  of the unperturbed dielectric function. 
This differs from other modulation techniques where periodicity is retained and 
first derivative spectra are obtained, i.e. non-tensorial perturbations. The 
perturbed wave-function can be constructed from a linear combination of the 
unperturbed Bloch functions w ith wave-vectors parallel to the field direction. This 
is equivalent to spreading the formerly sharp vertical transitions between, the 
in itial and final states, over a finite range of initial and final mom enta, shown 
schem atically in  figure 2.4(b). If the field is not too large, the mixing of states will 
be between those wavefunctions near the originally allowed transitions. This will 
sm ear out structure in  the unperturbed dielectric function, giving a more 
complicated difference spectrum  having changes in sign, as in fig. 2.4(b). This 
difference spectrum  can only be approximated by higher derivatives of the 
unperturbed  dielectric function. The two zero crossings are characteristic of th ird  
derivative, which will be shown in  the next section.
2.4.4 T heoretical D escrip tion
This description follows Aspnes '^^ .^ As already explained in section 2.4.3, the 
acceleration imposed on the electron by the application of an  electric field acts as 
a force directly on them  and destroys the translation invariance of the 
H am iltonian. A second in traband  acceleration m echanism  is created. The first 
rem ains unaffected and is the in terband m echanism due to the background
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potential of the atoms forming the crystal. These in terband effects are usually 
negligible compared to the in traband  response and therefore can be ignored. For 
low field ER both m echanism s can be trea ted  by first-order perturbation  theory. 
P ertu rbation  theory implies the existence of two energies per mechanism: the 
characteristic energy of the perturbation and a characteristic energy of the system. 
In  ER the perturbation  and systems energies for the in terband m echanism  are 
given by e ^ q , the potential drop across the un it cell (dimension a„), and the 
bandgap separation energy between the initial and final states, E„, 
respectively^^^'^^\ For perturbation  theory to be applicable the condition e ^ o  < E^ 
m ust be obeyed, i.e. the perturbation  is itself small. The corresponding two 
energies of the in traband  m echanism  are,
hQ = (2.14a)
1 /3
(2.14b)
8
These are obtained from a quantum  mechanical treatm en t of a uniform field 
acting on the electrons resulting in their acceleration^^’l [.i[| is the in terband reduced 
m ass of the final and in itial bands in  the field direction; h(l is the characteristic 
in traband  energy; E^^(k) is the bandgap separation of the in itial and final states 
a t k. As w ith the in terband  energies, perturbation theory for the in traband  
m echanism  will apply if  the perturbation  is small, |(hQ)| < F. Perturbation  theory 
applies to the in traband  mechanism  whenever the average energy gained per
33
Chapter 2
particle by acceleration in  the field is small compared to the na tu ra l induced 
uncertain ty  in  the unperturbed electron energy levels. Three d istinct regimes can 
be identified which depend of the relative m agnitudes of these pairs of energies 
and therefore upon the m agnitude of the applied electric field, and have been 
sta ted  in  section 2.4.2. Theses regimes are re-w ritten more precisely in table 2.1. 
Typically, ^ =100kV/cm, ao=6A, |i[|=0.1n\, where n \  is the electronic re s t mass. 
Therefore, eêkç^- 6meV as compared to the typical in terband energies, E„ of the 
order of eV and hQ=21.2meV compared to F in the range 0.1 to lOOmeV. i.e. the 
intraband  m echanism  will determ ine the low-held limit.
Range Perturbation energy versus system energy
Intraband Interband Characteristics
High
1 hn i >r
e^o~En Stark shifts
Intermediate
egbqcE,,
FKO’s
Low 1 hQ. 1 <r/3 Invanant Lineshape
Table 2.1. The definition and experim entally identifying characteristics of the 
th ree ranges of ER spectra in term s of the relative strengths of the perturbation 
and characteristic energies of the system  for both the in traband  and in terband 
m echanisms.
W hen the perturbation  energy is equivalent to the bandgap energy, e^ao ~ E„, the 
high field regime is reached where S tark  shifts of the energy bands are observed 
and resu lt in  a break down of the selection rules for the electronic transition. This 
leads to first derivative contributions to ER spectra sim ilar to those obtained from 
non-tensorial m odulation techniques. At high fields, the in traband  m echanism
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dom inates resulting  in  high-held spectra which are usually im portant only very 
n ear points of degeneracy. For low and interm ediate field ranges the in terband 
m echanism  can be neglected. For the la tte r  field regime, which is easily achieved 
experim entally for transitions near the fundam ental edge, where \hQ\ > F, Ae 
m ust be derived exactly using the one-electron approximation. The broadening 
term  can be added afterw ards. For a single band pair c,v the interm ediate-field 
expression for Ae in  term s of a general energy bandstructure defined by E .^ (^k) is,
Ae'J(g;r,E) = f  - 1 _  1 Jd’i  jki'cm ‘E2172 (27C)' flZ 0
X exp[i(E-E rk)).v] -  1exp 3 /
(2.15)
Here the assum ption is made th a t the m omentum m atrix  elem ents are 
independent of k. Ae is a second rank  tensor. F urther, if  the energy bands are 
assum ed to be locally parabolic, the resulting expressions is an integral 
representation of the Airy convolution expression^^^l Eq. (2.15) can further be 
developed by assum ing the energy bands to be completely parabolic resulting in 
the Franz-Keldysh*^’®^ expression not derived here. The in term ediate field region 
can be characterised experim entally by the complicated lineshape dependence on 
field, the appearance of subsidiary oscillations in ER spectra and an exponential 
dependence of the fundam ental absorption edge.
I f  the field is small such th a t the low-field regime dominates and |hQ|(F/3 it has 
been shown^'’’^®^ after in tegration eq. (2.15) yields, (see equations(2.i6a-c) overleaf) 
i.e. eqs. (2.1Gb) and (2.16c) show clearly the third-derivative behaviour of the
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871e ' p ’
nriE2r? 2 (2k)3 ^ J d ’HZ
(hO)'
(E _(k)-E-fT)'
(hn)' 3' ,
3E^ 3 £ ' (E:^8V,g))
(2.16a)
(2.16b)
(g-')k' _Z_(E2e‘j(r,E)) 24E^ 3E^ (2.16c)
unperturbed  dielectric function. The final expression can be fu rther developed to 
account for fu rther interactions such as random  fields and point scattering 
defects*^ ^^ *'^ ’'^  ^Eq. (2.16c) shows explicitly the experim entally identifying feature of 
low-held spectra, the quadratic dependence of an invarian t lineshape on an 
externally applied field. The field induced change in the dielectric function, eqs. 
(2.15) and (2.16a)-(c) can be related to the experim entally m easured change in 
reflectivity, AR/R, by,
AR
~ R ~
= Re (2.17)
c  = 2n[n (e -e j ] (2.18a)
q ,  = [1 -  g(8 - 1 ) ] ' g<o (2.18b)
0
= -2ik Jdz e (2.18c)
Here, e is the m easured dielectric function and is assum ed to be a scalar.
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e* and represents cartesian components of the un it polarisation vector ê. The 
factor Cg (= a  ~ ip) gives the Séraphin coefhcients^'^^\ of section 2.4.3; a  and P, for 
a two phase interface (am bient n /  =e„, unperturbed substrate  n^=e) re-w ritten in 
complex form for convenience; is the electron-hole pair coulomb interaction in 
the contact exciton approximation^'^"^ where g is a strength  param eter and is 
assum ed constant for a given structure; C^ p is a factor arising form the spatial 
dependence or inhomogeneities in the perturbing field '^^’l Eq. (2.18c) has been 
w ritten  explicitly for the low field lim it where A e'X ^FjE)-^^ and k is the 
propagation param eter of light in the substrate.
2.4.5 A pplication  to a Sim ple Parabolic M odel D ensities-of- 
States
The strong localisation of low-field ER structure around a single critical point 
w ithin an energy range not exceeding several broadening param eters is im portant 
experim entally for spectroscopic purposes. This means the band structure can be 
accurately approxim ated by a simple parabolic model. This greatly simplifies the 
analysis of experim ental spectra to obtain, for example, bandstructure param eters. 
For 1-, 2- and  3d simple parabolic model densities of states, eq. (2.16a) becomes^‘^ \
Id: Ae'-* = h
1/2
(E -E  + (2.19a)
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2d: Ae'j =
/ \
1/2
K Q ‘j (E ~ + try (12.9b)
3d: Ae‘j =
/ V K'
1/2 (2.19c)
Q U  = (2.19d)
1 is the order of the critical point, i.e. equal to the num ber of negative masses, q,,, 
|Liy, \iy, Ky and K,, are the k-space cut-off lim its for Id  or 2d; p,, is the in terband 
reduced m ass evaluated in  the field direction defined by eqs. (2.14a) and (2.14b). 
Note th a t in teracts only w ith the am plitude defining param eter. Therefore, E^, 
r  and the phase factor can be determ ined experim entally from the m easured Ae 
spectra w ithout requiring the value of ê ’. If  the dielectric function is a slowly 
varying function of energy in  the vicinity of the critical point, eqs. (2.18a)-(c) show 
the complicating factors of optical properties of the am bient and m aterial, electron- 
hole in teraction and field inhomogeneity affects only the am plitude and phase 
factor. This leaves the energy location and width of the structure unchanged. This 
m eans th a t critical point energies and broadening param eters can be determ ined 
directly from experim ental AR/R lineshapes. If, however, the dielectric function is 
a rapidly varying function around the critical point, a Kramers-Kronig 
transform ation is usually required. Eqs. (2.19a)-(c) can be re-w ritten  for any single
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parabolic critical point in  the general form,
0(E,D = AF " e'" (E-E^+iF) (2.20)
This is usually  referred to as Aspnes th ird  derivative functional form (TDFF)^^l
2.5 L ifetim e B roaden ing  of AEj and ACg
The photoexcited electron will stay in  the excited state for a finite time. I t will 
decay into its original sta te  through recombination or interaction with another 
electron or photon. As a consequence of the uncertainty principle, this lifetime 
resu lts in  broadening of the in itial and final states . This can be described by 
using a Lorentzian broadening param eter, F, and its effect on Eg is described by^‘^ \
e,(0)),„ = f _ h ! ^  dto (2.21)
Spectral features are thus correspondingly broadened in response. PR is therefore 
tem perature sensitive, producing sharper spectral features and only a slight 
increase in  signal m agnitude.
2.6 E xciton  E ffects
Excitons play an im portan t role in the optical properties of semiconductors. They 
are particularly  im portan t in the case of micro structures where the electron and 
hole are confined in real space. Excitons are known to exist in  quantum  wells even 
a t  elevated tem peratures or in  large electric fields^ '^ '^'*^ ''^ '^ \ The lineshapes of 
m odulated optical spectra are sensitive to the electron-hole coulomb interaction in
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particu lar a t the fundam ental absorption edge, hence precise in terpretation  of the 
lineshape m ust be performed by an exact theory taking account of the coulomb 
interaction. Frova et. al.^ ^^  ^performed lineshape fitting on the ER of Ge and found 
th a t  they reproduced the observed low energy absorption edge and higher FKO’s 
b u t not the negative am plitude of the m ain peak. This was corrected for when 
excitonic effects were accounted for. The effects of electron-hole interaction is 
therefore to increase m arkedly the oscillator strength  of transitions^^^l The 
correction factor is th a t derived by Rowe et. al.^ '^ ”^ , where the streng th  of “contact” 
interaction is defined by g. Aspnes '^^  ^has shown th a t for an exciton, both type I and 
II perturbations change the energy gap of the band to which the exciton is 
attached, modifying the exciton binding energy or its lifetime resulting  in  first- 
derivative functional forms. Shanabrook et. have generalised th is resu lt to
any confining potential. For excitons in  3d m aterials, as opposed to low 
dim ensional m aterials, the excitonic lifetime and binding energy can be affected 
by the field resulting  in  electromodulation structures characteristic of the first 
derivative of the excitonic dielectric function^'^^l Exciton effects w ithin confined 
system s are explained further in chapter 5. A very im portant observation is th a t 
w henever excitons play a role in  in terband transitions, the non-excitonic band edge 
is modified so th a t there is a smooth merging of the excitonic states (n=l to 
infinity) w ith the band edge con t in uu m' ' ^The  role of excitons is as yet still not 
clearly understood. For a full trea tm en t see reference 45.
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Photoreflectanee Technique
3.1 Introduction
This chapter describes the apparatus and the techniques used to m easure 
photoreflectance (PR) together w ith the procedure used to obtain norm alised 
differential reflectance spectra (AR/R). Also detailed are the steps taken  in 
lineshape fitting of the AR/R spectra to obtain the corresponding transition 
energies using Aspnes’ third-derivative functional-form (TDFF)'^'. A standard  PR 
system  was used^^l The set-up is shown in  figure 3.1. The experim ental details of 
spectroscopic ellipsometry m easurem ents are described in  chapter 6 .
3.2 P h otoreflectan ce
3.2.1 E xperim ental D eta ils
This section describes the light source, the software controlling the equipm ent and 
the m ain sources of noise w ithin the system. Described next are the detector, the 
PSD and the low noise amplifier. Finally, the procedures for aligning the PR set­
up and obtaining AR/R are outlined. PR was performed in  the general 
configuration shown in the figure 3.1. A lOOW Tungsten-Halogen bulb was used
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Figure 3.1. A schematic representation of the photoreflectance experim ental set­
up.
as a broad band light source. I t produced sufficiently high intensities over the 
energy range 1.08-1.77eV (700-1150nm) to cover the region where the direct 
fundam ental threshold, E„, of m ost of the III-V m aterials studied occurred. The
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peak light in tensity  of the system, which includes the spectrom eter, the lenses 
and  the response of the detector, was a maxim um  a t 1.46eV (850nm) around the 
E„ of GaAs which formed the substrate  of m ost the te st samples studied. A 
fractional solid angle of th is lam p emission was collected and focused onto the 
inpu t slit of the spectrometer. A 0.5m Glen Creston Spex 1870 spectrom eter using 
the appropriate grating and order for the wavelength of in terest was used to 
provide a pseudo-monochromatic light source. E ither a 1200 or 600 lines/mm 
grating  was used. For m ost of the 111-V binaries tested, first-order reflections from 
a 600 lines/m m  grating blazed a t 1 pm was used from which second order reflection 
were negligible. The spectrom eter optics were optimised by ensuring th a t the input 
light covered the surface of the monochromator and was therefore f-matched. The 
inpu t and output slits were set to 0.5mm width and 5mm height, which produced 
a resolution of approximately 1.8nm, which corresponds to about 4meV a t 700nm 
and 1 .6 meV a t 1150nm. This provided sufficient resolution for the analysis of PR 
structures from, say, quantum  wells where the spatial separation of confined 
sta tes can be less th a t lOmeV^^ .^ This is also w ithin the range of broadening of 
room tem perature PR structure which again can be less th a t lOmeV'^’.
The PR experim ental set-up was controlled using a BBC computer. A wavelength 
range of in terest could be selected using software th a t controlled a bi-directional 
stepper motor connected to the monochromator drive m echanism  of the Spex. The 
software also allowed the user to specify the conditions and lim its of the scan to 
collect and store the data. Any num ber of averaging runs under a range of time 
constants could also be selected. Typically the average of two scans was taken  with
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a tim e constant of 300ms as this was found sufficient to reduce to a satisfactory 
level m ost of the noise from the m easured spectra. For weak features the num ber 
of averaging runs was often increased to four as the signal-to-noise ratio was 
worse. One serious problem in PR is the detection of unw anted photoluminescence 
(PL) fcom the sample which adds to the background signal and could a t low 
tem peratures dom inate the PR s ig n aP l However, since all PR m easurem ents were 
performed a t room tem perature and pressure, the low tem perature effects are not 
im portant. PL may be reduced using long focal length optics^^  ^ or by appropriate 
"cut-out" filters in  front of the detectors'll In  this set-up the former was used. The 
light collection optics was arranged to be well spaced so th a t the solid angle of 
collected PL light from the sample was very small. The m agnitude of this PL 
signal was determ ined from some samples and always found to be below the 
background noise of the system  and therefore not im portant. M ain sources of noise 
originated from the system of m easurem ent and not the sample. F ilters with 
transm ission "cut-outs" a t approxim ately 650nm were placed w ithin the housing 
containing the detector. This housing was used to reduce the He-Ne laser light and 
stray  background light from the source from being detected, this is explained later. 
Two filters were used because of the relatively high in tensity  of laser light used, 
which resu lted  in  correspondingly high levels of scattered light from the sample. 
I t  was found th a t the sample orientation relative to the laser beam  reflected more 
of the specularly reflected laser light on to the detector. This was registered, since 
both the laser “cut-out” filters in front of the detector had a small bu t non-zero 
transm ission for the 632.8nm line. The R signals, being larger th an  the AR did not
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suffer appreciably from noise. Below around 1.12eV the signal-to-noise decreased 
rapidly as the sensitivity of the Si photodiode decreased. This provided the lower 
energy lim it of detection. The signal-to-noise ratio varied from sample to sample 
b u t accounted for no more th an  some 5% of the maximum AR signal.
The light output from the Spex, called the probe beam, was collected and focused 
using biconvex lenses onto the sample producing the image of the output slit, 
shown in  fig. 3.1. The size of th is image was approximately th a t of the output slit 
itself. Since polarisation effects on PR were not investigated, the output light from 
the  Spex rem ained unpolarised. In  principle any sample wafer size could be tested. 
However, sample sizes tested varied from 1/4 of a wafer, of typical diam eter 1 0 cm, 
to 0.5cm square of m aterial. Most samples studied were grown by molecular beam 
epitaxy (MBE) and metal-organo vapour phase epitaxy (MOVPE). They were 
m ounted using wax onto the sample holder. This was orientated a t approximately 
45“ to the probe beam. The m ajority of samples were generally grease free and 
clean of any residue from previous analysis techniques which may have been 
performed. If cleaning was necessary, it  was done by boiling in  ethanol and rinsing 
in  de-ionised w ater. The area of the sample chosen for PR m easurem ent was not 
specific b u t was generally away from its edge where non-uniformity effects from 
growth could produce a PR response which was not indicative of the bulk of the 
sample. The light reflected from the sample was again collected and focused using 
biconvex lens onto the detector. The detector was housed in a light-sealed dicast 
steel box, which was set back from the box aperture and rem ained fixed in 
position. For all of the m easurem ents in the above energy range, a Si photodiode
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w ith  in tegrated  amplifier run  off two 9v DC dry cells was sufficient for detection. 
A Brookdeal, type 450, low noise am plifier was used to provide amplification of the 
detected signal, which was fixed a t 30dB gain for both R and AR m easurem ents. 
This am plifier itself introduced noise bu t averaging repeated scans reduced this. 
Phase sensitive detection was used to detect the both R and AR signals. Here, the 
signal of in terest, th a t reflected from the sample, is distinguished from other 
possible signals such as background or noise by superimposing upon it an ac 
component. Lock-in detection can easily be used to distinguish this signal from any 
other provided it  has a different frequency. Sensitivities down to lO'^ ’V can easily 
be achieved. The ac component represents the perturbation applied to the sample, 
which, in  the case of PR is chopped laser light. A EG&G Brookdeal 9503-SC phase 
sensitive detector (PSD) was used to detect any signal whose frequency 
corresponded to th a t of the chopper. The PSD output was finally connected to the 
serial inpu t of a BBC computer.
Ideally both R and AR m easurem ents should be made sim ultaneously using 
equipm ent th a t separates the two components from the reflected signal. This was 
not done in  th is work and instead R and AR were m easured separately. For R 
m easurem ents the chopper was placed a t the output of the Spex and set to 
1273Hz, fi’om which the reference signal was connected to the PSD, shown in fig.
3.1. I t was necessary to do th is as background light could be detected, resulting 
in  an  artificially high value of R. AR m easurem ents were m ade using a 35mW, a t 
632.8nm, He-Ne laser directed a t near normal incidence on the area of the light 
on the sample illum inated by the Spex. This provided the modulation. The laser
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spot size was approxim ately 4mm diam eter which was sufficient to cover the area 
of light of the probe beam focused on the sample. This is a much higher laser 
in tensity  used in m ost PR studies. A 2mW He-Ne laser was tried bu t found 
insufficient to produce clear PR structure above the noise of the system. The 
chopper would then  be placed to intercept the laser beam, shown in fig. 3.1. 
Next, the  procedure used for aligning the sample is described. Firstly, the 
monochromator was moved until light from the visible p a r t of the spectrum  
emerged from the spectrom eter output slit. A sharp image of the output slit was 
then  focused onto the detector after reflection from the sample. The laser filters 
were replaced to provide a upper energy lim it of the scan. The monochromator was 
then  moved to a position in  the spectrum  where strong PR was known to occur 
from the sample, usually 1.422eV corresponding to the E„ structure of the GaAs 
substra te  or 1.348eV for the corresponding InP substrate structure. The phase of 
the PSD was then  adjusted to give zero and then shifted by 90“ on full laser 
power. Fine tuning of the detected signal could then be done by adjusting the final 
lens which moved the position of the image on the detector. For R m easurem ents 
the signal was generally th ree orders of m agnitude larger th an  AR signals. Signal 
a ttenuation  was required and performed using either glass or m etal neu tral 
density filters. Finally, AR/R was calculated by accounting for any off-sets, the 
PSD sensitivities and filters. These steps are outlined later.
Most PR results are reported in  arb itrary  units. In this work, the results are 
presented in  absolute units. This involved a num ber of process steps which are 
detailed next. Absolute norm alised differential spectra were obtained by correcting
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for the following. F irstly  the PSD sensitivity. Since the R spectra were typically 
th ree orders of m agnitude larger th an  the corresponding AR spectra the voltage 
recorded needed to be scaled accordingly. Secondly, the PSD off-set was corrected. 
This allowed hoth positive and negative peaks of the PR signal to be recorded by 
the BBC computer which could accept only positive input voltages. The correction 
for the off-set of the PSD, on AR, and any background signals from scattered light 
or PL, superimposed on both AR and R spectrums, was performed separately. 
Invariably the actual off-set values on the PR spectra were not consistent w ith the 
settings on the PSD and resulted in  the AR signal not oscillating around zero. This 
was due to an inconsistency in  the lock-in potentiom eter and the finite 
transm ission of the laser filters. As explained earlier, th is allowed spectrally 
reflected laser ligh t to be detected to form a constant background which varied 
from sample to sample hence varying the off-set of the recorded AR/R spectra. The 
actual off-set was physically determ ined from inspection of the corrected AR 
spectra. Thirdly, the effect of the m etal and glass light lim iting filters was divided 
out. Problems were encountered when the true value of R was calculated by 
dividing the detected signal by the light lim iting neu tral density (ND) filter 
response. I t was discovered th a t the Ealing Optics glass filters had  a non-uniform 
response over the energy range 1.033-1.771eV. The worst filter spectra were those 
having low transm ittance and a high ND which introduced significant noise. This 
distorted the true  R response and introduced significant noise upon division of the 
m easured signal which became worse when the division AR/R was performed such 
th a t PR structure  could be distorted or even lost. This was solved by modelling the
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filter response using polynomials of varying degrees and diriding the m easured 
signal by th is response. Since the laser "cut-out" filters and the low noise amplifier 
were p a rt of the system  for both AR and R m easurem ents, it was not necessary to 
account for them  as their effect would cancel out when the division AR/R was 
performed. For some samples, the ND filters were replaced by a variable-aperture 
iris. This was placed in  front of the detector and produced the sam e light in tensity  
lim iting effect for both R and AR m easurem ent when its apertu re  was varied. The 
corresponding AR/R spectra for these situations were therefore in a rb itrary  units. 
Finally, the spectrum  was converted as a function of energy, since i t  was m easured 
as a function of wavelength.
3.2.2 L ineshape F ittin g
Lineshape fitting of norm alised differential PR spectra was performed using a 
least-squares fitting of the TDFF, shown in  equation (3.1). This was derived in 
chapter 2 .
^  =Re[R(e) + i!(e)] = Re|Ae® (E-E^,+ir)-" | (3.1)
W here, E is the photon energy of the incident (probe) light, F is the broadening, 
9 is the phase and n is the type of critical point. R and I are the real and 
im aginary parts  of AR/R as a function of the dielectric constant, e. This technique 
is accurate for well separated and non-overlapping PR structures. However, for 
complex PR spectra, such as th a t from quantum  wells, PR structures are 
encountered which overlap or superimpose resulting in partia l PR structures.
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TDFF fitting under these circumstances would be difficult. This is because it  is not 
known w hat in itial estim ates should be used as a first approximation to the 
param eters for eq. (3.1) for each PR structures. A technique developed by T.J.C. 
Hosea^^  ^ solves this problem. This was used to fit all the PR spectra in  this work. 
The modulus of equation (3.1) produces a single positive peak for each energy 
oscillator in  the TDFF, w ritten  as,
L(e) = [ R^(e) + I"(e)]’/' 1 .^2)
The position of the peak gives the transition  energy of the corresponding PR 
structure w ithout the need to know the type of critical point, n. However, by 
knowing, or assum ing, n, V can be obtained as PP from the h a lf w idth a t half 
height (HWHM) of the peak. P has values of 1, 0.861 and 0.766 for excitons (n= 2 ), 
3d critical points (n=2.5) and 2d critical points (n=3) respectively. It is also 
possible to obtain A. The im aginary p a rt of the normalised differential reflectance 
can be easily obtained using the Kramers-Kronig (KK) transform ations. Hosea^^  ^
has shown th a t this technique is applicable to closely spaced PR features. The L(e) 
still exhibits closely spaced, well resolved countable peaks which can yield good 
in itial estim ates for the TDFF. These estim ates cannot be obtained from the AR/R 
spectra alone. A discussion of the accuracy of the technique is offered by Hosea^^  ^
and  is beyond the scope of this work. This method does not }deld the phase of the 
transition. This can be determ ined by least-squares fitting of the TDFF to the 
AR/R spectra by allowing 0 to vary while the initial estim ates are held fixed.
The steps taken  to fit the data  using this technique are detailed next. The 
estim ated param eters from L(e) were used as initial guesses for the TDFF when
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fitting to the AR/R data. In  all cases a m inim um  num ber of oscillators were used 
th a t could accurately fit the AR/R data. A procedure was adopted where each 
oscillator was fitted only over the range of the corresponding PR feature and its 
param eters allowed to vary to produce the optimum fit. The next structure was 
fitted using the same procedure w hilst the param eters of the first oscillator were 
fixed. Once the optimum fit for the second structure was obtained both oscillators 
were allowed to vary for both PR structures. Finally, after the first two oscillators 
were fit the backgTound term s were allowed to vary either in a linear m anner or 
as a quadratic variation. This process was continued until the whole spectrum  was 
fitted. I t was found th a t a quadratic background produced m arginally better fits 
th an  a linear background. This background variation has not been reported by 
other workers. This is due to most PR m easurem ents being presented in arb itrary  
units. The explanation of this variation rem ains unclear and is known not to effect 
the param eters obtained from fitting the PR spectra. The corresponding fits are 
excellent and are a significant im provem ent than  those obtained by other workers. 
These are shown in  the results chapters 4 and 5, together with the corresponding 
KK transform s from which the in itial estim ates of the TDFF param eters were 
made.
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Chapter 4
Room Temperature Photoreflectanee 
Characterisation of the Valence 
Band Axial Deformation Potential of
In,^ Ga(i.x)As on GaAs
4.1 Introduction
The effects of in-built stra in  w ithin semiconductors have been m anipulated to 
enhance the optical and electrical properties of semiconductor devices. The 
application of stra in  has led, for example, to a lowering of the threshold current 
of semiconductor lasers through a reduction in the in ternal loss m echanisms, such 
as intervalence band ab so rp tio n ^ an d  Auger recombination’s'll Also higher hole 
carrier mobilities can be achieved’'^ l Additionally, stra in  has allowed new m aterial 
compositions to be grown on previously unsuitable substrates where its lattice 
constant was different to th a t of the epilayer. Examples of this include In^Ga(j.,j)As 
grown on GaAs '^ '^"’ where 0<x<l, or InP ’^’’ where 0.4<x<0.7.
S tra in  has profound effects on the electronic bandstructure of m aterials. Studies
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of the effect of s tra in  on m aterials have provided valuable inform ation about their 
fundam ental properties’^ !^ S train, therefore, is a useful and well established 
experim ental tool. The effect of s tra in  on the valence band (VB) a t the T point in 
the Brillouin zone (BZ) is described by the shear deformation potential, b®. This 
describes the splitting of the four-fold degeneracy of the VB maximum. This 
deform ation potential is an im portant param eter which is essential in the 
prediction of, for example, the position of the HH and LH valence subbands in 
strained  m aterials. I t is also useful to know this param eter accurately for high 
pressure photoluminescence (PL) experim ents to m easure band offsets’ll 
M easurem ent of b is difficult. Previous values for b have revealed a range of 
values for both GaAs and InAs using the application of external s tra in ’ll  This is 
explained further in  section 4.2.3. This range of b values has partly  been due to 
the uncertain ty  in  the applied strain. Double crystal x-ray diffraction (DCXRD) 
provide unam biguous assessm ent of stra in  relatively easily. It is the objective of 
th is work to evaluate the use of room tem perature PR to determ ine b in strained 
InGaAs on GaAs, using DCXRD to evaluate the stra in  w ithin each epilayer. PR 
has previously been used to analyze the s tra in  induced shifts of the VB of single 
stra ined  InGaAs layers grown on Si’^ ”^ and InP' ’ substrates. However, all previous 
studies of InGaAs on GaAs have been for s i n g l e ' o r  m ultiple quantum  well 
structures'^^’^ '’’^ ^^ performed a t low tem perature. This work is the first reported on 
the room tem perature PR characterisation of strained single InGaAs layers on 
GaAs. Consequently, the complicating phenomenon of quantum  confinement need 
not be considered. However, it  is known th a t the hetrojunction formed between the
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epilayer and substrate  can cause band bending such as in  High Electron Mobility 
Transistors'^^', This usually involves one layer being heavily doped and the other 
layer being pure. At the interface region, confinement of carriers can occur and 
form a two dimensional electron gas (2DEG). Since the epilayers and substrates 
used in th is work are nominally undoped, this effect is not expected to be 
im portant. The theory of Poliak"^' is used to predict the s tra in  induced energy 
shifts of the HH and LH valence subbands . The extent of the HH/LH splitting is 
then  used to determ ine b. S trained InGaAs/GaAs epilayers of various thicknesses 
below and above critical thickness have been extensively investigated by D unstan 
et. al.'^®' and will not be reviewed here.
This chapter begins w ith an introduction to strain. The concept of strained layers 
and  critical layer thickness and are explained. Then a non-m athem atically rigorous 
trea tm en t of the effect of homogenous stra in  on bandstructure is presented, after 
which the axial deformation potential is discussed. Next, the experim ental details 
are outlined. Finally, the resu lts are presented before they are discussed and the 
conclusions drawn.
4.2 S trained-layer System s
4.2.1 G rowth and C ritical T hickness
The mechanical properties of crystals enable them  to accommodate, in an elastic 
natu re , a defect free epilayer of slightly different lattice constant to th a t of the 
substrate . Growth is usually in  the ( 1 0 0 ) direction and leads to either biaxial 
compression or tension w ithin the epilayer depending on w hether the lattice
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constant of the epilayer is larger or smaller, respectively, th an  th a t of the 
substrate . The lattice constant of the epilayer in the direction of growth 
correspondingly expands or contracts under biaxial compression and tension 
respectively'^'. For growth in  the (100) direction, this resu lts in  a tetragonal 
distortion of the lattice. Since, for the samples studied here, growth is in the ( 1 0 0 ) 
direction, the s tra in  in the plane of growth it is biaxial. The substrate  is thick 
compared to the epilayer and is therefore assum ed to be unstrained. The lattice 
constant of In  gGa gAs is 5.734Â'^^ '^ and GaAs is 5.653Â"^"', the epilayer is therefore 
in biaxial compression.
The strained  epilayer m aintains the stra in  up to a certain thickness called the 
critical layer thickness 1\. Beyond this, relaxation occurs plastically'^" through the 
form ation of m isfit dislocations resulting in a deterioration in crystal quality. This 
is the case for InGaAs on GaAs. Below the critical thickness the stored strain  
energy is not large enough to form dislocations. The epilayers thus exist in a non­
equilibrium  state. Above the critical thickness, however, it  becomes energetically 
favourable to release the stored energy to form dislocations. The model of People 
and Bean'^^' implies a non-uniform relaxation being ultim ately catastrophic and 
complete a t the critical thickness. However, D unstan et. al.'^" have shown th a t for 
the stra ined  InGaAs/GaAs system, relaxation is plastic and continuous beyond the 
critical thickness. For the InGaAs/GaAs system, h ,^ has been investigated by 
Andersson et. al.""' and Dixon'^'". D unstan et. al."'" have derived a simple 
relationship between stra in  and critical thickness, which allows h  ^ to be easily 
determ ined from the strain. This is given by,
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h -  M .  (4.1)
where h,, is in Â and ejj is the in-plane stra in  in percent. Thus, for a fully strained 
20% In layer where ey = 0.01414%'^'", the critical thickness is approxim ately 590Â.
4.2.3 E ffects of H om ogenous Strain  on B andstructure
The effect of stra in  w ithin an  epilayer m anifests itself in  two distinct ways:
(1 ) I t  changes the actual crystal un it volume, called the isotropic or hydrostatic 
component. This leaves the crystal sym m etry unchanged bu t changes the bandgap 
relative to the unstrained  lattice shown in figure 4.1(h).
(2 ) The second contribution is an  anisotropic component which does affect the 
crystal symm etry and may lead to a removal of degeneracies. For example, this 
leads to the splitting of the F-point VB into two manifolds having HH and LH 
characteristics. This is shown in  fig. 4.1(c)
To determ ine the effect of s tra in  on the optical and electronic characteristics it is 
necessary to develop an understanding of its effect on the host m aterial. Since 
zincblende is the dom inant structure for III-V binaries, this analysis will be 
restricted  to zincblende type semiconductors, though it  can also be applied to 
diamond structures semiconductors. Of most in terest are the highest VB and 
lowest conduction band (CB) states for regions around the F -point. In the absence 
of stra in  or spin-orbit splitting, the VB edge a t k=0 is a six-fold degenerate 
m ultip let w ith orbital symm etry Fjs'"". Spin-orbit interaction lifts th is degeneracy
60
Chapler 4
into a four-fold degenerate (including spin) m ultiplet (J=3/2, Mj=±3/2, ±1/2) and 
a spin split-off component F ,^ (J= l/2 , M j=±l/2 ) where J  is the total angular 
m om entum  and Mj the m agnetic quantum  number. This can be represented in  the 
quantum  notation |J=3/2, Mj=±3/2) for the HH character and |J=3/2, Mj=±l/2) for 
the LH character of the VB. Figure 4.1(a) shows the band structure  for bulk 
m aterials of the h ighest VB and lowest CB for the unstrained  system s around the 
F-point. E„ is the unstrained  bandgap energy which is the difference between the 
Fg CB and the doubly degenerate Fg VB. The spin split-off energy, A„, is the 
difference between the Fg CB and F  ^VB. The strain  splits the E„ transition  into 
two components, E^d) and E„(2), fig. 4.1(b) and (c). These represent the electronic 
transitions between the CB and split valence subhands.
S tra in  does not split the CB state, however, it undergoes a shift due to the 
hydrostatic component of strain , as shown in fig. 4.1(b). The total s tra in  
H am iltonian for th is system  can be expressed as the sum of the orbital stra in  
H am iltonian, H^'", and the s tra in  dependent spin-orbit H am iltonian,
(4.2)
The first term  of eq. (4.2) incorporates the in traband  shift of the orbital VB due 
to the hydrostatic component'^'" i.e the in traband or absolute deformation 
potentials. The VB orbital (spin-dependent) deformation potentials are denoted by 
ai(ag) for the hydrostatic effects, and both b,(b 2 ) and dj(d<2 ) for the shear effects due 
to tetragonal and rhombohedral symm etries, respectively, defined in ref. 8 . The 
second term  is a sim ilar expression for the spin split-off band which contains the 
equivalent deformation potentials, a^, bg and dg describing the effect of stra in  on
61
Chapter 4
spin-orbit interaction^^^’\  The effects of stra in  on the spin split-off band will not be 
discussed fu rther here.
1Ï0 Eo + Ao
HH
J = 3 /2 ,M j= :  3 /2 ,: 1/2
SSO
.1=1/2 , M,i=: 1 / 2
.HH
SSO
(a) (b) (c)
Figure 4.1. Localised bandstructure of, for example, InGaAs under biaxial 
compression before and after s tra in  for bulk m aterials, (a) shows the unstrained  
case where the HH and LH bands are degenerate . (b) shows the effect of the 
hydrostatic component of s tra in  where the separation of the VB and CB’s increases 
and degeneracy is preserved, (c) shows the effect of the axial component of strain  
which resu lts in a splitting of the VB into the HH and LH subbands.
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For m any zincblende m aterials since the Fg CB is only about leV  above the VB 
m aximum, the H am iltonian m atrix  can be w ritten  down explicitly for the Fg CB 
and Fg, F  ^VB’s. Its components can be divided into two classes of which one can 
be tem porarily neglected'^^^ which serves to simplify the final interaction matrix. 
For s tra in  w ith a uniaxial component along the crystallographic [0 0 1 ] and [111] 
directions, the H am iltonian m atrix  has a simple form of which most of its 16 
elem ents are zero. The m atrix  elem ents connecting the Fg CB w ith the Fg and Fy 
VB’s are zero. Here, the zero energy reference is taken as the top of the VB for an 
unstra ined  epilayer. An im portan t result, is th a t in PR the E„(l) transition, of fig.
4.1, is only allowed for the polarisation of light perpendicular to the uniaxial strain  
axis, where as E^(2 ) and E /3 )  are observed for both parallel and perpendicular 
configurations^^"'^^l This resu lt will not be derived here since PR polarisation 
sensitivity experim ents were not performed. Polarisation PR is used to distinguish 
HH and LH characteristics, as explained in chapter 6 . PR in  the present case is 
performed so in general all th ree transitions will be observed. In this analysis we 
have neglected the strain-induced coupling between Fg and F^  bands'^^l
5E „,,=a /2 -X  )E_ (4.3a)
For InGaAs/GaAs under biaxial strain , the form of the interaction m atrix  rem ains 
the same. In Poliaks original paper^*^  ^ the expressions were derived for the (001),
( 1 1 1 ) and ( 1 1 0 ) directions. This analysis is only concerned with the (0 0 1 ) direction. 
Pollak^^®  ^shows th a t the energy shifts of the CB (c) and VB (v) due to the axial and 
hydrostatic components, 6 Eg, and ôE^  ^c or v respectively and the corresponding 
equations for the spin split-off band, (ÔEJ' and (SE^  ^ are given by,
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5E,,,.-(a,+a,)(2-X )E ,= a (2 - l  )e, (4.3b)
5E,;,,=(a,-2ig(2-X  )E,=a'(2-^. )e, (4.3c)
8Es=-(b,+2bj) [1+X ]e_=-b[l+A, Je_ (4.3d)
(5e J )=(b,-b,)[l+X ]e =-b'|;i+X]e (4 3e)
W here X = and Qj are the s tandard  elastic stiffness constants and is the
hydrostatic CB deformation potential. I t can, therefore, be seen from the 
hydrostatic and shear components th a t the effect of s tra in  is to create both a 
hydrostatic shift in bandgap energy and split the degeneracy of the Fg VB into the 
v l  and v2 subbands shown in  figure 4.1(c).
If the s tra in  dependence of the spin-orbit splitting is neglected a 2 = 0 , then ÔE^=ôE^ 
and 8 E \= 6 E;""\ with,
5 E ,„ = (5 E ,; ,J = a ,(2 -3 0 e ,  (4-4a)
8E s= (8E j= -b (l+ X )e_  (44b)
We can w rite the stra in  dependence of the transition from the CB to v l  and v 2  
VB’s transitions as.
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E„(2)=E„+8E,,+8E, (4.5a)
E „ (1 )= E „ + 6 B „ + A Æ -^ ;a^ 2A„8E,+9(5B,)^ (4.5b)
where is the zero s tra in  or fundam ental bandgap, and,
ÔE,, = (a^  +a, )(2 -X) e = a(2 -X)z ^  (4.6)
Equations (4.5a) and (b) are the corrected versions of the equations th a t appear 
in  Poliaks paperi^^^ which do so with typographical errors. These la s t two equations 
imply th a t by m easuring the VB splitting and knowing the biaxial strain , the 
value of b can be determ ined. M anipulation of eqs. 4.5(a) and (b) gives,
b = 2 T L ^  (4.7)(3AE -  2AJ
where,
AE=E/2) -  E„(l) (4-8)
The s tra in  from the lattice m ism atch between the epilayer and the substrate  in 
pseudomorphic growth can be expressed in  the simple form' '^ '^.
/'
(4.9)
where e n is the in-plane s tra in  in the x- and y-directions, a„ is the lattice constant 
of the constrained epilayer and a^  ^ is the lattice constant of the substrate. As stated  
earlier, since the substrate  is very much thicker than  the epilayer, it  is taken  to
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be unstrained. In response to the compression in the plane of growth, the epilayer 
lattice param eter expands in  the growth direction as given by,
(4.10)f  T= ^ 1 -X ^ - 1 )a
- I ° P
From  which the s tra in  in  the direction of gi’owth is given by.
(4.11)
H ere X is as defined previously. Additionally the axial strain  component introduces 
anisotropy of the VB a t F. This follows from the lifting of the degeneracy and can 
be understood again via k .p  theory. This has been discussed by 0 ' R e i l l y a n d  
B lancha et. and is beyond the scope of this work. Figure 4,2 shows the
resulting  anisotropy for the bulk case. Fig. 4.2(b) is for biaxial compression in the 
plane of growth. An increase in the bandgap is seen. The highest lying VB is HH. 
The m asses for the HH and LH reverse in the growth plane. The m ass of the HH 
band becomes light hole and the m ass of the LH band becomes heavy. In  the 
perpendicular plane of growth the m asses are unchanged. Fig. 4.2(c) shows the 
case for biaxial tension in the growth plane. The m ean bandgap is reduced. The 
VB’s are split w ith the highest VB being LH along the stra in  axis k_^ , and HH in 
the growth plane, kj^ . The unstrained  case is shown in (a) for reference.
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SSO
(a| 1*1 (Cl
Figure 4.2 Resulting anisotropy of the HH and LH bands due to strain , (a) for the 
unstra ined  case, (h) for biaxial compression and (c) for biaxial tension after 
O’Reilly (1989) ref. 7.
4.2.2 Shear D eform ation  P oten tia l
As sta ted  earlier, the defoi’m ation potentials represent shifts and splitting of 
sta tes produced when stress, either uniaxial or hydrostatic, is applied to the 
m aterial. Splitting of the or states under [100] stress is described by the 
deform ation potentials Experim ental m easurem ent of b is difficult. Most
m easurem ents have used the application of an  external s tra in  to sp lit the valence 
bands. Spectroscopic techniques were then  used to m easured this splitting which 
can be m easured accurately. Lim itations arise from not knowing precisely the 
values of applied s tra in  and the HH and LH energy splitting. Previously,
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electroreflectance, piezoemission, intervalence band transm ission and 
piezobirefringence for both and InAs*'^' have been employed. Recently,
absorption and low tem perature  PR m easurem ents have been successfully used 
to determ ine its value for Tellurium -based II-VI compounds^'^^l For strained layer 
m aterials i t  is essential to determ ine how the bandstructure behaves under strain. 
In  stra ined  quantum  wells, for example, the strain  may shift the HH and LH 
bands such th a t they are type I for HH bands and type II for LH bands '^^L The VB 
deform ation potential is, therefore, an  im portant param eter which is necessary in 
try ing  to predict m any of the optical and electrical characteristics of such 
structures. For GaAs, previously m easured values from C handrasekhar et. al.^ ®^ 
using surface barrier electroreflectance (SEER) a t 77K give the m ost accurate 
estim ation for b o f -1.7+0.leV. O ther workers Balslev'' '^^  ^ and Bhargava at. al.^ ^^  ^
have obtained values for b of -1.7 and -l,96eV using intervalence band 
transm ission and piezoemission respectively. For InAs a value of -1.8eV has been 
determ ined by Wiley^ '^^  ^ using the technique of piezobirefringence. In all of these 
experim ents the stress has been applied externally and predom inantly a t low 
tem perature. In  this work the s tra in  is in-built w ithin the sample and known 
accurately from DCXRD m easurem ents.
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4.3 E xperim ental D eterm ination  o f the V alence Band  
S p littin g  in  In^Ga^ ^As on GaAs and b
4.3.1 E xperim ental D eta ils
A series of seven strained-layer samples were studied. Each consisted of a single 
epilayer of nom inally 2 0 % InGaAs on undoped (0 0 1 ) orientation GaAs substrates. 
The samples were grown using molecular beam  epitaxy (MBE) a t 520"C a t D.R.A., 
M alvern. A range of thicknesses determ ined by the growth duration were 
deposited from 100 to 8000Â, as shown in table 4.1. PR was performed in  the 
configuration and under the conditions described in chapter 3, section 3,2.1, a t 
room tem perature. The norm alised differential reflectance (AR/R) was obtained 
using the procedure also described in this section. Lineshape analysis was 
performed using Aspnes’ th ird  derivative functional form^ ^^ '^  (TDFF), as described 
in  section 3.2.2. Compositions and stra ins were determ ined from DCXRD, with 
rocking curves obtained from both the (004) and (115) reflections w ith the samples 
orientated along each of the four (0 0 1 ) directions'^'*^l
4.3.2 E xperim ental R esu lts
Table 4.1 shows the epilayer In composition, its lattice relaxation and m easured 
by DCXRD. Composition accuracies of approximately ± 1 % are typical. Also shown 
is the calculated perpendicular strain , using eqs. (4.10) and (4.11). For the
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strain , a range of m easured accuracies were observed. It can be seen th a t lattice 
s tra in  reduces for increasing epilayer thickness. No values could be obtained 
M E639 due it  being too th in  for DCXRD to assess. ME633, the 8000Â sample, is 
no t completely relaxed and has an average lattice relaxation of 8 6 %. Using eq. 
(4.1), the critical thicknesses for 17.5, 20% and 21.5% In compositions are 670, 590 
and 550A respectively. For samples ME675 and 635 lattice relaxation is seen 
below h„.
Sample Nominal
thickness
(A)
Measured
composition
In
(%)
Measured
Lattice
Relaxation
(%)
in-plane
strain
E(l
out-plane
strain
S_L
ME639 100 »
ME675 250 21-22 0-20 -0.0146 0.0114
ME635 500 20 15-21 -0.0124 0.0112
ME620 1000 17-18 27-32 -0.0083 0.0076
ME630 2000 17-18 57-69 -0.0043 0.004
ME631 4000 20 67-77 -0.0022 0.002
ME633 8000 20 81-91 -0.002 0.0019
Table 4,1. Shows the sample identifications, the DCXRD m easured In compositions 
and lattice relaxations. Also shown are the m easured in-plane and calculated 
perpendicular strain, 
sample too th in  to be measured.
All the samples showed a num ber of clear PR structures on a flat background, 
shown in  figures 4.3(a) to 4.9(a) by the dotted line. They displayed a dom inant 
feature in  m agnitude centred around 1.422eV th a t was a ttribu ted  to the direct 
fundam ental transition  from the GaAs substrate, labelled (a). Its shape varies 
from sample to sample and appears complex. S tructures observed below 1.422eV 
were a ttribu ted  to transitions from the strained split HH and LH valence
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subbands to CB w ithin the InGaAs layer. In these spectra, the GaAs structure is 
larger th an  the InGaAs structures by factor of about 3, except for ME631 and 633 
where it  is sm aller by about the same factor. The phase of the strained split 
s tructures for some samples appears to change relative to others. This is partly  
due to the procedure used in  phase-locking the PSD on either the positive or 
negative peaks of the GaAs structure, as explained in  chapter 3. Phase-locking on 
a PR negative peak resulted in the inversion of the whole derivative spectrum  
compared to th a t obtained by phase-locking on a positive peak. However, since this 
phase shift of the PR structures is not im portant in obtaining the corresponding 
transitions energies in  th is analysis this shift can therefore be ignored. Figures 
4.3(b)-4.9(b) shows the square root of the sum of the squares of the real and 
im aginary parts  of AR/R using the Kramers-Ki’onig (KK) transform ation for each 
sample'^^l As explained in chapter 3, these spectra were used to estim ate the 
num ber of TDFF oscillators required and their positions in energy, am plitude and 
broadening, prior to least-squares fitting of the TDFF’s to the experim ental 
spectra. From  figs. 4.3-4.9(b), for the InGaAs structures it  can be seen from the 
num ber of peaks th a t some samples required two oscillators for fitting, labelled 
(b) and (c), and for the others three were needed, labelled (b), (c)
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Figure 4.3(a). Room tem perature PR spectrum  from M E639 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition  
energies obtained from fitting. Arrow (a) is the average GaAs transition  energy.
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Figure 4.3(b). Corresponding KK transform of AR/R for ME639. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.4(a). Room tem perature PR spectrum  from ME675 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition 
energies obtained from fitting. Arrow (a) is the average GaAs transition  energy.
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Figure 4.4(b). Corresponding KK transform of AR/R for ME675. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.5(a). Room tem perature PR spectrum  from ME635 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition 
energies obtained from fitting. Arrow (a) is the average GaAs transition  energy.
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Figure 4.5(b). Corresponding KK  transform of AR/R for ME635. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.6(a). Room tem perature PR spectrum  from ME620 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition  
energies obtained from fitting. Arrow (a) is the average GaAs transition  energy.
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Figure 4.6(b). Corresponding KK transform of AR/R for ME620. The arrows
indicate the transition energies obtained from fitting and are equivalent‘to those
in the above figure.
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Figure 4.7(a). Room tem perature PR spectrum  from ME630 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition  
energies obtained from fitting. Arrow (a) is the average GaAs transition  energy.
4.00-04
3.50-04
1 3.0e-04
2.50-04I 2.00-04
Ci InGaAs
1.50-04
+
1.00-04 I a 1 GaAs
5.00-05
O.Oe-hOO ^  1.00 1.10 1.20 1.30 1.501.40
Energy (eV)
Figure 4.7(b). Corresponding KK transform of AR/R for ME630. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.8(a). Room tem perature PR spectrum  from M E631 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition 
energies obtained from fitting. Arrow (a) is the average GaAs transition  energy.
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Figure 4.8(b). Corresponding KK transform of AR/R for ME631. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.9(a). Room tem perature PR spectrum  from M E633 (dotted line) and the 
fit using a 3d critical point (solid line). The arrows indicate the m ain transition  
energies obtained from fitting. Arrow (a) is the average GaAs transition energy.
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Figure 4.9(b). Corresponding KK transform of AR/R for ME633. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.10(a). Room tem perature PR spectrum  for the reverse (GaAs substrate) 
side of ME631 (dotted line) and the fit using a 3d critical point (solid line). The 
arrows indicate the m ain transition  energies obtained from fitting. A near perfect 
fit is obtained.
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Figure 4.10(b). Corresponding KK  transform of AR/R for ME631. The arrows
indicate the transition energies obtained from fitting and are equivalent to those
in the above figure.
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Figure 4.11. DCXRD m easured s tra in  against the PR m easured HH/LH splitting 
(circles). The solid line is the best fit to the data.
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Figure 4.12. PR spectra for all the samples in arb itrary  units. The solid lines are 
the estim ated HH and LH splitting for a 20% layer used to identify these 
structures.
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and (d). The position of the transition  energies from fitting for the InGaAs and 
GaAs structures are shown by the labelled arrows in both sets of figures. Their 
num ber agree w ith the num ber of structures already observed in  the PR spectra. 
For ME639/620/633 two strained  split structures are observed, (b) and (c), bu t for 
ME675/635/630/631 three appear, (b), (c) and (d), with the dom inant structure a t 
low energy. The InGaAs structures of M E631 and 633 differ in m agnitude from 
the strained  split structures from the other samples. Considering ME633 first; two 
peaks are observed, an exceptionally large one a t 1.128eV and a very small one a t 
1.169eV, (b) and (c) respectively. This is also the case for the three peaks of 
M E631 which are dom inated by the large peak, (b).
The solid lines in figs. 4.3(a)-4.9(a) are the least-squares TDFF fits for a 3d critical 
poind^^’l  An excellent fit is seen for all the samples. For the GaAs structure in fig. 
4.3-4.9(a), a num ber of oscillators, ranging from three or four, were required for 
fitting. These are represented by the single arrow, (a), in  the PR spectra. The 
energy positions of these oscillators are therefore the corresponding bandgap 
transition  energies. One would expect one oscillator to be sufficient, since the 
observed structure represents a single electronic transition^ '^ '^I Figure 4.11(a) shows 
the PR spectra (dotted line) and the TDFF fit using a 3d critical point (solid line) 
for the reverse side (substrate) of sample ME631. An excellent fit is obtained. 
Figure 4.11(b) shows the corresponding KK transform. The arrows indicate the 
position of the oscillators required for fitting, three were required.
Figure 4.11 shows the m easured stra in  plotted against the m easured splitting. A 
linear relationship is found w ithin experim ental lim its shown by the solid line.
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Figure 4.12, shows all the PR spectra. The solid lines indicate the m ean position 
of the HH and LH respectively. These lines are drawn through the spectra of 
ME635 and 631 the 20% In  layers which are partially  relaxed. A linear splitting 
is seen. By comparing spectra for these samples for increasing epilayer thickness, 
and decreasing strain , a trend  is observed where the separation of the strained 
split InGaAs structures are seen to decrease and their overall position to move to 
lower energy. For samples ME635 and larger thicknesses, the strained split 
structures appear to merge to form a continuous structure. The m easured HH-LH 
splittings and calculated b values are shown in table 4.2. A range of b values are 
seen.
Sample M easured HH- 
LH splitting 
(meV)
Calculated b (eV) b determined by other workers (eV)
GaAs InAs
ME639 83.2 - 1 .2 "
-1.96^
-1.7T
- 1 .6 6 "
-1.7^
- 1 .8 "
ME675 103.6 -2.33
ME635 87.9 -2 . 2 2
ME620 47.8 -1.63
ME630 28.5 -1.81
ME631 23.4 -2.87
ME633 40.5
a  R e f .  [8 ]  
b  R e f .  [ 9 ]  
c  R e f .  [ 1 0 ]  
d  R e f .  [ 1 1 ]  
e  R e f .  [ 1 2 ]
Table 4.2. Shows the m easured HH/LH splittings and the calculated value of b. 
Also shown are the values obtained by other workers. ME639 is too th in  to be 
assessed and 633 found unsuitable.
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4,3.3 D iscu ssion
The accuracies of the m easured In  compositions, shown in table 4.1, resu lt from 
a varying In  composition w ithin the epilayer, producing the m ean deviation of 
values observed*^^^ ,^ w ith the exception of ME639. The actual m easured value is 
therefore an average of this gradation of values. For M E620 and 630 the In 
composition values are unusually  low for MBE growth. Similarly, for ME675 the 
In composition is higher th an  expected. This In  composition variation is probably 
due to In  flux transien ts as reported by Woodbridge et. al.^ '*"^  when the shu tte r is 
opened. According to the model of D unstan  et. al.^ ^^  ^ for strained epilayers of 
InGaAs on GaAs of various thicknesses, the stra in  w ithin the epilayer relaxes 
through plastic deformation beyond its  critical thickness. However, a finite stra in  
can still exist due to the streng th  of the m aterial which can support the stra in  
itself. This strength  is a ttribu ted  to a form of "work hardening” or dislocation pile- 
up as evidenced by the increased num ber of threading dislocations'^^^. This is 
observed for all epilayers above h ,^ ME620, 630, 631 and 633. The partia l 
relaxation observed below 1\. for ME675 and 635 was a ttribu ted  to defects in  the 
substrate'^‘^ 1^ Excellent fits are obtained for all spectra which are unrivalled in 
previous work. This dem onstrates the accuracy th a t can be achieved using the 
technique of Hosea''^^\ explained in chapter 3. The corresponding KK transform s 
of the PR spectra shown clearly each peak corresponding approximately to the 
transition  energy of the PR structure. For the highly strained  layers, the HH/LH 
structures are well separated. These can be modelled w ithout H osea’s*'^ ^^  technique. 
However, its  usefulness is shown when the HH/LH structures merge together and
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overlap. Traditional fitting techniques'^^ '^^ could only be employed w ith a degree of 
guess work. Here, the KK transform  identifies each transition  clearly. This is also 
shown from modelling the GaAs substrate structure. Again, from the 
corresponding KK transform s it  can be seen th a t this structure is a superposition 
of several oscillators. These have easily been resolved to give the transitions 
energies producing the PR structure. This is an obvious advantage when fitting 
spectra from quantum  wells where structures almost always overlap.
Now considering the PR structure  resulting  from the GaAs substrate , in fig. 4.3- 
4.9(a). M ost PR spectra from GaAs substrates consist of a single, positive and 
negative going oscillation. Traditionally a single o sc illa to r^ h a s  been used to fit 
the structure. In  this work the num ber of oscillators required to fit th is structure 
followed no fixed pattern , from three for the highly strained layers (ME639), to 
four for more relaxed layers (ME675, 635, 620 and 630) and finally to three for the 
m ost relaxed layers (ME631 and 633). Figure 4.10(a) shows the PR spectrum, as 
a dotted line, from the reverse, or substrate, side of ME631. A clear, large single 
oscillation is observed which appears as the fam iliar GaAs PR structure. The 
TDFF fit is shown by the solid line. To obtain such a fit three oscillators were 
required a t energies 1.387, 1.419, and 1.435eV. These correspond very closely to 
the th ree oscillators obtained from fitting to the epilayer side of the sample a t 
1.382, 1.412, and 1.446eV respectively. This indicates th a t for the epilayer side the 
observed transitions are solely due to the substrate. It is therefore clear th a t the 
epilayer/substrate interface is affecting the natu re  of the PR lineshape from the 
epilayer side. Highly distorted GaAs structures have been observed by a num ber
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of workers for confined systems involving GaAs'’^ l Although the exact mechanism  
th a t leads to these transitions and corresponding lineshapes rem ains unclear, 
excitonic and interference effects have been suggested as an  explanation^'^^’'^ ^^  
H uang et. al.*^ ^^  ^ have observed distorted GaAs structures from m ultilayer 
structures involving GaAs and AlGaAs which was attribu ted  to the interference 
of reflected light from the epilayers and the substrate. Exci tonic effects are present 
a t room tem per a ture^^ ’^’ and can perhaps account for the transitions observed a t 
approxim ately 1.415eV, some 7meV below E„ (1.422eV) of GaAs corresponding to 
the approxim ate binding energy of an  exciton*'*' ’^'^ '^  ^ S tra in  w ithin the substrate, 
resu lting  the splitting of the VB a t the F -point, can be neglected as the expanding 
effects of the epilayer are not sufficient to perturb  the substrate  lattice due to its 
thickness^^‘^1 Sim ilar lineshapes have been observed by Glembocki et. al.^ '^ ''’^ for 
GaAs/AlGaAs high electron mobility transistors. Here, the heavily doped AlGaAs 
and relatively pure GaAs results in band bending a t their interface. A triangular 
potential is formed in the CB resulting in the confinement of carriers. This 
confinement is described by a two dimensional electron gas (2DEG) resulting in 
electronic transitions between the confined states and the VB. This may explain 
the observed transitions w ithin the GaAs structure. However, the resulting 
lineshapes from the confined states are first derivative and therefore broad^^^\ 
unlike those observed here. Also, the PR of the reverse side of ME631 has 
dem onstrated th a t the transitions em anate from the substrate . Therefore the 
2DEG can be discarded as an explanation. F u rther PR should be performed on the 
reverse side of all the samples in order to confirm the origin of the transitions as
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being from the substrate  and their effect on lineshapes. For example, the excitons 
could be observed a t using low tem perature PR. Here therm al broadening is 
reduced giving a more accurate indication of their position in  energy. Any 
interference effects could be observed by progTessively etching away the epilayer 
and repeating the PR m easurem ents a t each stage. This should be continued until 
the  substra te  is reached. The evolution of the lineshape could then reveal the 
n a tu re  of the interference. This however does not affect the observed HH/LH 
splittings.
Now consider the strained  split PR structures. The observed shift of the strained 
split VB structures w ith increasing epilayer thickness is expected and a direct 
consequence of the two components of s tra in  reducing through plastic relaxation^^^l 
F irstly, the uniaxial component reduces resulting in a reduction in the HH/LH 
splitting. Secondly, the hydrostatic component reduces causing the overall shift of 
the  stra ined  split structures to lower e n e r g y 'T h i s  is supported by the m easured 
DCXRD strain , table 4.1, where lower in ternal strains (and higher lattice 
relaxation) are observed with increasing epilayer thickness. Figure 4.11 shows the 
linear relationship th a t exists between the m easured HH/LH splitting and strain. 
This is predicted from Poliak's theory'^^l This implies th a t the s tra igh t lines in  fig.
4.12, draw n to identify the HH and LH transitions are valid. Another identifying 
feature of the HH and LH PR structures is th a t the optical m atrix  elem ent of the 
HH is approximately three tim es larger than  th a t of the LH'^ '^ ''. The observed 
optical am plitudes of the HH and LH transitions are therefore expected to be of 
the ratio  3:1. This can be seen quite clearly from the PR spectra for each sample
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except for ME631 and 633 in  figs. 4.8(a) and 4.9(a) respectively. For these two 
samples the lowest energy structure  assigned to the HH is much larger in 
m agnitude than  the LH structure. This cannot be explained b u t is probably due 
to the high dislocation density w ithin these samples. The solid lines in  fig. 4.12 are 
draw n through the HH and LH structures for both ME635 and 631, the 20% In 
samples, since they are of the nominal composition. The displacem ent in energy 
either side of the two lines is a consequence of In composition fluctuations between 
samples and lattice relaxation. It can be seen from fig. 4.4(a), for ME675, th a t a 
h igher In  composition results in  a shift of the HH/LH structures to lower energy 
and a greater splitting. The former is expected since the unstrained  fundam ental 
bandgap energy is smaller. The la tte r  is due to a greater lattice m ism atch between 
the epilayer and the substrate. Also, it  is expected th a t the hydrostatic component 
of s tra in  increases the bandgap, b u t th is increase is not as large as the shift to 
lower energy due to an increased In c o m p o s itio n 'S im ila r ly , for ME620 and 630, 
the lower In  composition displaces the HH/LH structures to h igher energy. This 
is again explained through the lower In composition. Here the unstrained  bandgap 
is larger and the lattice m ism atch between the epilayer and substrate  is smaller, 
resu lting  in  a lower strain. This therefore reduces the HH/LH splitting. The 
HH/LH structures for ME633, fig. 4.9(a), do not follow the solid lines in fig. 4.12 
as expected since the sample composition is 2 0 % In. In fig. 4.9(a) structure (b) is 
assigned the HH subband and (c) the LH subband. The am plitude ratio of these 
structures is far greater th an  3:1 and the extent of HH/LH splitting suggests a 
higher s tra in  present th an  th a t m easured. This is highly unlikely since the
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epilayer thickness is well above 1\ and as such is expected to^highly relaxed. Since 
the LH structure corresponds w ith the LH solid line in  fig. 4.12, a possible 
explanation of the large subband separation could be th a t the large structure (b), 
a ttribu ted  to the HH, is m asking the actual HH structure. The broad nature of (b) 
is indicative of a highly distorted lattice''^^' as expected from a largely relaxed 
lattice w ith a corresponding high degree of dislocation. However, a single oscillator 
was required to fit (b) which suggests th is structure to resu lt from a single 
electronic transition  between two states. The HH structure could still be m asked 
by (b) since it  would completely dom inate the corresponding KK peak'^^^ thus 
producing a single peak as shown in  fig. 4.9(b). Polarisation should be
employed to isolate the HH and LH contributions to the PR spectra in order to 
determ ine its origin. Consequently ME633 was not used to calculate b. From fig.
4.12, i t  can be see th a t M E639 follows the trend of ME620 and 630 with respect 
to the position of the HH and LH subbands relative to the solid lines. This suggest 
an  In composition below 2 0 %. This is supported by the extent of splitting of the 
HH and LH structures, since for a 20% In fully strained epilayer the HH/LH 
structures should be very close to the solid lines in fig. 4.12. Instead a reduced 
HH/LH splitting is observed which suggests a lower In composition. Since the 
composition could not be m easured by DCXRD due to it  being to thin, th is sample 
was also not used to calculate b.
Now considering ME675, 635, 630 and 631 where three VB InGaAs structures 
were observed. The two th a t m ost closely correspond with the solid lines in  fig. 
4.12 and of approxim ately the ratio 3:1 were chosen as the HH and LH structures.
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For ME 675, fig. 4.4(a), (b) and (d) clearly fit these requirem ents w hen the energy 
displacem ent due to a h igher In  composition is accounted for. This is also the case 
for ME635, fig. 4.5(a), where (b) and (d) are the HH and LH structures 
respectively. For ME630, fig. 4.7, (b) and (c) now correspond w ith the HH and LH 
structures respectively. The high energy structure (d) now does not correspond 
w ith the solid lines. This also follows for ME631 where (b) and (c) are the HH and 
LH structures respectively and (d) does not fit w ith the solid lines of fig. 4.12. The 
origin of this additional th ird  structure  is unknown. Im purities or dislocation 
centres'^ '^' '^ '^^^  ^ can be ignored as possible explanations since they resu lt in  PR 
structures much sm aller in m agnitude and larger in broadening than  those 
observed here. A possible ten tative explanation could be the form ation of a relaxed 
layer w ithin the sample'^^’’’^  ^ a t the sample surface where the epilayer is m ost 
relaxed. The position of the th ird  structure in  energy could be used to determ ine 
the In  composition of the relaxed epilayer. Using a linear interpolation between 
the E /s  of GaAs and InAs'^"^ these compositions are 16, 2 1 , 17.5 and 18% for 
ME675, 635, 630 and 631 respectively. For all these sample except ME675, these 
compositions are alm ost identical to those m easured by DCXRD. This may explain 
the range of In composition m easured by DCXRD. However, this relaxed layer 
does not appear for every sample which cannot be explained. More work is 
necessary in order to determ ine the origin of these structures.
W ith the correct identification of the HH and LH structures, their energy splitting 
was determ ined, shown in table 4.2. Using eq. (4.7) the values of b were calculated 
for each sample, also shown in table 4.2. Here a linear interpolation for between
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the constituent binaries was used'^^l A wide degree of scatter is observed above 
and  below the accepted values of -1.7 for GaAs'^^ and -1.8 for InAs'^'^l No 
system atic trend  of b with In composition is found. This work suggests th a t b may 
in  fact be highly sample dependent since the value of s tra in  and the HH/LH 
splitting are both accurately known. However, this work has shown th a t it  is in 
principle possible to m easure b using room tem perature PR.
4.4, Sum m ary and C onclusions
The effects of stra in  on the valence band of InGaAs grown on GaAs have been 
observed using PR a t room tem perature. Clear structures are seen which 
correspond to electronic transitions w ithin the GaAs substrate  and between the 
heavy- and light-hole valence subbands to conduction band of the ternary. Very 
good fitting of Aspnes’ th ird  derivative functional foiW'^’^ was obtained using a 3d 
critical point, from which the transition  energies of the corresponding structures 
were obtained. This also fitted very closely spaced and overlapping PR structures. 
For the GaAs structures three to four oscillators were required for fitting. The 
GaAs structures from the epilayer side is highly distorted and can be represented 
by the superposition of three or four oscillators. PR of the substrate  side showed 
clear undistorted  structure requiring a sim ilar num ber of fitting oscillators to th a t 
from the epilayer side. The oscillator energy obtained from both sides corresponded 
very closely with each other. This suggests their origin on both sides to be only 
from the substrate. The distortion of the GaAs structure was therefore a ttribu ted  
to interference from the light reflected from the epilayer and from the substrate.
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Some of the electronic transitions were a ttribu ted  to excitonic effects. The precise 
origin of the rem aining individual transitions is unclear and requires fu rther work. 
For the InGaAs valence subband structures, their behaviour w ith increasing 
epilayer thickness followed the trend  expected from theory. For increasing epilayer 
thickness, the in terna l s tra in  reduces, as observed by DCXRD, causing the valence 
band splitting to reduce and their overall position to move to lower energy. The 
m easured HH/LH splitting was shown to vary linearly with the m easured strain. 
This allowed clear identification of the heavy- and light-hole structures by drawing 
stra igh t lines through structures thought to be the HH and LH structures. 
Although a degree of scatter of the pairs of point was observed this could be 
explained through the variation of In  composition and experim ental errors from 
the m easured relaxation. The th ickest sample did not follow this trend. 
Polarisation PR m easurem ents are suggested to isolated the HH and LH 
subbands. For four of the samples a th ird  InGaAs structure was observed. For 
three of these, this s tructure  corresponded in energy to a relaxed layer of the 
m easured composition. This suggests a relaxed layer m ay be formed due to 
relaxation on top of the strained layer, which would explain the gradation of 
m easured stra in  values. This somewhat tentative explanation needs fu rther work 
to establish its origin. Here, again, polarisation PR would isolate the HH and LH 
contributions from both the strained split and relaxed valence bands.
The values of b showed a wide scatter which were approxim ately around the 
values obtained by other workers This suggests its value is highly sample 
dependent. No trend  w ith In composition and b was found.
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This work clearly indicates th a t s tra in  characterisation is possible using PR a t 
room tem perature  w ithin the InGaAs/GaAs system which can easily be used to 
evaluate b. Low tem perature PR should be used to reduce therm al broadening 
This technique can easily be extended to other III-V systems.
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Room Temperature Photoreflectance 
Evaluation of the Band Offsets of 
Strained In^Gad.^ j^As/AlyGa .^yjAs 
Single Quantum Wells
5.1 Introduction
This chapter is concerned w ith m easuring conduction and valence band off-sets of 
strained  InGaAs single quantum  wells (QW’s) gi’own pseudomorphically on GaAs 
w ith and w ithout ternary  AlGaAs barriers. Accurate determ ination of band off-sets 
have been intensely studied and are essential for device engineering'll Modulation 
spectroscopy is a powerful tool in the investigation of heterostructures'^^ because 
of its derivative na tu re  which therefore gives m aximum sensitivity to in terband 
transitions and the bands tructu re  of the m aterial being studied'^l 
Photoreflectance (PR) was performed a t room tem perature on In^^Ga j^. j^As/ AlyGa^. 
y)As strained  QW’s w ith y= 0 , 5, 1 0  and 2 0 % with x constant a t nom inally 2 0 %. The 
transition  energies of the quantum  confined states are determ ined from lineshape
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fitting  of Aspnes’ TDFF'^’ to the PR features. These are compared to the 
theoretically calculated values based on an effective m ass fo rm a lism 'in  which the 
band off-sets are varied to obtain a close fit. The offsets used in calculating the 
confined sta tes of the QW were calculated using the 'model solid theory ' of Van 
der Walle'^l The work presented here follows th a t of Gil et. al.' ’^l  where the same 
stra ined  In^Ga(i_,,)As/AlyGaQ.y)As QW’s were studied using low tem perature PR and 
piezoreflectance. This chapter introduces the motivation for the work, the offset 
values obtained by other workers, stra in  effects on quantum  wells and exci tonic 
effects in  quantum  wells. Next, the lineshape fitting of the m easured spectra and 
the experim ental details are explained. Finally the resu lts are presented and 
discussed before the conclusions are drawn. Hetrojunctions, QW’s and strain  
effects on bandstructure are discussed in chapter 1 .
5.2 M otivation  for the Work
Strained InGaAs grown pseudomorphically on GaAs has received considerable 
atten tion  over recent years'll S trained layers, as described in  chapter 4, are used 
in  devices such as long wavelength strained-layer lasers operating a t l.Spm, where 
the attenuation  in  optical fibres is a m inim um 'll The lattice constant of the 
InGaAs epilayer is larger th an  th a t of GaAs and AlGaAs. The epilayer is therefore 
effectively under biaxial compression. Much controversy exists over the band 
offsets of the AlGaAs/GaAs and InGaAs/GaAs hetrojunction despite the large body 
of work done. These need to be known to calculate, for example, the confined levels 
w ithin the QW and w hether electronic transitions are type I or II. Here, as in 
chapter 1 , Q  ^is defined as AEy(AE^-AE^) and %  as 1 -Q  ^where AE  ^and AE  ^are the
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valence- and conduction-band offsets respectively. I t is therefore the purpose of 
th is work to investigate the suitability of room tem perature PR as an  effective tool 
in  the determ ination of band offsets as, for example, compared with low 
tem perature PR and high pressure PL.
5.3 B and O ffsets
The band offsets cannot be m easured directly. A num ber of experim ental 
techniques have previously been used, and has led to a range of values of Q/Q^ for 
both the AlGaAs/GaAs and InGaAs/GaAs s y s t e m s S i m i l a r  uncertainties 
are observed for theoretically predicted values. Both of these m aterials have 
recently been studied by PL under high pressures'll This has given the m ost 
accurate values for the AlGaAs/GaAs system and has led to the presently accepted 
value of 70:30. The values obtained by Wolford et. al,"'" for of 32+2% and by 
V en ta  te 8  w ar en et. al."'’^ of 30+4% agree w ith this w ithin experim ental error. Q :^Q  ^
ratios as high as 85:15 have been observed by Dingle et. al.^^ l^ 
For InGaAs/GaAs, offset values have been obtained a t 83:17"^l 60:40"®  ^ and 
52:48"‘^ l The accepted value is 60:40 as confirmed by high pressure PL"''l It 
rem ains unclear w hether the offset ratio is dependent upon the composition of the 
well and barriers, and upon stra in  w ithin the well. For InGaAs/GaAs, Coon et. 
al.™  suggested th a t it  is dependent upon the degree of lattice m ism atch, and 
therefore in terna l strain. Their results indicate th a t will increase with 
increasing In content. This is supported by Debbars at. al.'^" where In^Ga^. 
,^)As/AIyGa .^y)As QW’s were studied. Sim ilar results were obtained for
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InGaAs/GaAs QW’s by Joyce et. However, the results of W ilkinson et. al."^’ 
have shown it  to be independent of stra in  w ithin the compositional range 0<x<25. 
I t  can be inferred from the accepted values for both the InGaAs/GaAs and 
AIGaAs/GaAs m aterial systems, th a t the offsets for the InGaAs/AlGaAs should lie 
in  betw een this range.
5.4 Strain  E ffects
Early theories of the effects of s tra in  on confined states did not account for the 
effects of s tra in  on the spin split-off valence bands (VB) and any induced coupling 
between CB sta te s" l The effects of in-built strain  on the VB are then  lim ited to 
the top m ost subband. This simplistic theory is valid for weakly strained  m aterials 
w ith large spin-orbit splitting. Refinements to this model were made by P an  et. 
al.'^^l by resolving the stra in  induced coupling of the spin-orbit split-off states. 
This predicted more accurately the experim entally observed confined LH 
transitions. Both these theories predicted accurately the HH transitions. The QW 
model was fu rther developed by A rnaud et. al.' '^^l Here account was made for the 
change in  potential experienced by the LH states when type I behaviour switched 
to type II. Their results predicted better th an  the theory of P an  et. al.'^^  ^ the 
confined transitions of In^Ga^^.^^As/AlyGa^.y^As strained QW’s m easured using low 
tem perature PR for both x and y up to 20%. For x=18% and y<5%, the values 
predicted by all three theories agree with the m easured IIL H  states. For higher 
y values the difference between the predicted values of the three theories increases 
non-linearly and becomes large, a t approximately lOmeV w ith Pan  et. al.’s'^ ^^
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theory and 20meV w ith the simplistic theory. The model used to predict the 
confined levels in this work involved a s tandard  quantum  m echanical approach 
using the effective m ass formalism (EMF) of Bas ta rd "  I This model therefore 
includes the s tra in  induced coupling of the spin-orbit split-off states.
For latticed  m atched QW’s where no in ternal s tra in  is p resent such as 
AlGaAs/GaAs, the application of an  external uniaxial stra in  along the ( 1 1 0 ) 
direction can produce anticrossing behaviour between the HH and LH states 
whose energies shift a t different rates'^'’*^'’’^ ’^^ '^ '. For the strained InGaAs/AlGaAs 
QW’s in  th is work, the biaxial compression lifts the degeneracy of the VB, as 
explained in  chapter 4. T hat is, the HH move to higher energies and the LH move 
to lower energies relative to the unstrained  VB. Since the biaxial compression 
produces the same effect as quantisation of the confined levels'^'", the in ternal 
s tra in  induces no mixing of HH and LH states. The confined levels are split 
fu rth er ap art in  energy.
Controversy still exists in  In^^Ga^^_,,)As/AlyGa(,.y^s QW’s as to w hether the LH 
transition  is type I or type II. Here, again, prediction of the confined levels 
depends largely on the value of offset used. In a finite QW a continuum  of well 
s tates exist above the barrier. This leads to unconfined or resonant states between 
these levels and the HH states, which are predicted by the theory of B astard"l 
Sim ilar transition  also exist for LH states. Calculations to predict these are 
involved and have been done by Gil et. al.'^^l Fortunately for InGaAs/AlGaAs QW’s 
studied here, the potential barrier height lies w ithin the well m ateria l for LH'^^l 
therefore these resonant states need not be considered. The analysis of this work
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therefore only considers type I transitions of the LH. Here we are predom inantly 
concerned w ith the lower energy confined transitions since these are stronger in  
PR in tensity  a t room tem perature and relatively well isolated'^'". These transitions 
can therefore be more accurately modelled. The param eters values of GaAs, InAs 
and AlAs used in the prediction of the confined levels are taken  from refs. 30 and 
31, and use Vergards law'^^  ^ for interpolation between constituent binaries.
5.5 E xciton ic E ffects
In  PR excitonic effects are known to be present a t both low and high 
temperatures'^^l A range of values have been suggested for its binding energy (E,^ ) 
in  QW’s both theoretically and experimentally. For example, Moore et. al.' '^'  ^used 
the ground sta te  and continuum  exci ton states m easured from PLE for very th in  
wells <50Â. Hou'"''’^ used magneto-optical m easurem ents for wells in the range 
65^well width<100Â for x=G.15. In  all cases the observed confined transitions were 
modelled, using for example the EM F of Bastard"^ and good agreem ent obtained 
w ith experim ental observations. E^ was shown to depend upon the on the x 
fraction and the well width'". For type I HH transitions, values of the exciton 
binding energy, Ej,, of 8 '^ ^^  and lOmeV"’ have been proposed. For the LH 
transitions both of type I and II, th is values is approxim ately 5meV'^l These 
values for both HH and LH are known to change for higher confined transitions 
in  both type I and II situations'^'^l In  this work 8 meV was used, even for the 
higher transitions for simplicity. This variation with higher confined states is due 
to a num ber of effects. The predom inant ones are the effect of screening of
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carriers, im purities and doping''^’"®l This means th a t the lower confined 
transitions are more reliable in comparison with the predicted transitions and 
therefore calculating the offset since is well known. The m easured transition  
energies from PR are approximately 8 meV lower than  the predicted band to band 
transition  values. Therefore 8 meV was added to the m easured values as a 
correction.
5.6 L ineshape A nalysis
The ability to obtain accurate values for the transition energies is made possible 
by the fact th a t the photoexcited carriers lead to a changing surface electric field. 
Therefore the electroreflectance theory of Aspnes''^'" is used, as explained in 
chapter 2 . F its to AlGaAs/GaAs MQW PR spectra were m ade by Shen et. al. 
using the TDFF for a 2d, i.e. n=3, critical point. This resulted in good fits to data 
taken  a t room tem perature. However, i t  is known th a t at both room tem perature 
and  high electric fields excitons dom inate the quantum  well spectra. Thus Shen 
et. al.’s results'^''^ are surprising since the excitons form bound states and should 
give PR spectra which are described by a first derivative functional form'^^l 
described in  chapter 2 . Shanabrook et. al."'”’''" concluded from comparisons of PR 
and PLE spectra of AlGaAs/GaAs MQW’s m easured a t 6  and 25OK th a t the peaks 
of the PLE data corresponded well to those of the PR spectra over the entire 
tem perature range. This provided conclusive evidence of the excitonic n atu re  of PR 
spectra. Sim ilar results have been obtained by K lipstein and coworkers"'^l 
Accurate fits to the AlGaAs/GaAs MQW well spectra were made by Shanabrook
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et. a l."”"" using a dielectric function with a Lorentzian absorption profile for both 
the FD FF and TDFF. The more accurate fits were those using the FDFF with n=3 
for excitons, as predicted by theory. The allowed transitions, I IH  and IIL , were 
m ost closely described by a modulation of the exciton energy gap, while the 
norm ally forbidden transition, 12H, was described by an in tensity  modulation. The 
corresponding TDFF fits were not as good. Above 25OK, best fits to the spectra 
were obtained using the TDFF in  agreem ent w ith earlier room tem perature 
m easurem ents"”^ . However, the lineshapes are still excitonic. At higher 
tem peratures the Lorentzian absorption profile for the dielectric function gives a 
poor fit and the TDFF should be used with a G aussian absorption profile. The 
change from Lorentzian to G aussian is not abrupt. The absorption profile of the 
exciton is changed from Lorentzian to G aussian through strong exciton-phonon 
coupling, im purities, defects and inhomogeneous perturbations"'". Shanabrook et. 
a l."”' has shown th a t the TDFF with n=3 mimics the G aussian dielectric function 
and can be used as a reasonable approximation to its functional form a t room 
tem perature. This explains Shen et. al.’s"”' results and allows the energies and 
broadening of the quantum  transitions to be obtained in a relatively simple 
m anner.
Unconfined transitions involve transitions between unconfined states, which 
represents an  extended wavefunction as in bulk m aterials, and a confined hole 
subband which is represented by a two dimensional critical point. Thus, the actual 
TDFF fitting function would be some combination of 2d and 3d critical point 
functions. The precise m echanism  giving rise to unconfined sta tes in PR is not
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known. Since the concern of th is analysis are the lower confined excited states and 
the corresponding band off-sets, the energies of these unconfined sta tes were not 
calculated.
5.7 E xperim ental D eterm ination  o f the C onfined E nergies
i n
and B and Off-Sets^Ino.aGao gAs/AlyGad.yjAs Q uantum  w ells  
w ith  V arious C om positions of the B arrier M aterial.
5.7.1 E xperim ental D eta ils
A series of four strained single quantum  wells were studied, shown schematically 
in  figure 5.1. These were grown on sem i-insulating (001) orientation GaAs 
substrates by DRA (Malvern) using MBE. The first, ME738, was a simple 
GaAs/In^Ga(i.,.)As well of nom inally 20% In  composition and, barrie r and well 
thicknesses of 500Â and 1 0 0 Â respectively, grown on a 7000Â GaAs buffer layer. 
The second, th ird  and fourth all of the sam e well m aterial and nom inal dimensions 
had  AlyGa(i.y)As barriers of nom inal thickness 500Â of compositions of 5% (ME739), 
10% (ME746) and 20% (ME741) Al. These were again grown on a 7000Â GaAs 
buffer layer. All well w idths and compositions were chosen to be below the critical 
thickness as predicted by theory"^"""”"^' and are therefore under biaxial 
compression. All epilayers were nominally undoped. PR was performed a t room 
tem perature and lineshape analysis performed using the procedure described in 
chapter 3.
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G a A s  H arrier 5 0  am
20%  In G a A s Q u aiU um  W ell lOnm
G aA s B a rrier 5()nm
G a A s B u fler VOOnm
y //////////////////
C a A s S u b sL ra ic
(a)
G aA s Cap 50  nm
5 , 10 a n d  20%  A lG aA s B a rr ier 5 0n m
20%  In G aA s Q u a n tu m  W ell Iflnin
5 , 10 a n d  20%  A lG aA s B arr ier 5 0 n m
G a A s BulTer 7 0 0 n m
G a A s S u b s tr a te  
(b)
Figure 5.1. A schem atic representation of the samples studied, (a) is ME738, 
w ithout AlGaAs barriers, (b) ME739, 746 and 741, w ith 5, 1 0  and 20% AlGaAs 
barriers respectively.
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5.7.2 R esu lts
The In  and Al compositions determ ined by Gil et. al."' using low tem perature PR 
are shown in  table 5.1, along w ith the nominal compositions and well thicknesses. 
As can be seen the In composition for ME738 was low a t 16% which is outside the 
± 1 % norm ally expected from MBE growth. Using the room tem peratu re PR 
m easured values for y and the x values determ ined by Gil et. al."', the well widths 
were calculated. This was done by changing the well w idth and calculating the 
confined states until a good m atch with the m easured energies was found. For 
ME738 and 739 the first two m easured confined states were accurately matched, 
and for ME746 and 741 only the first confined transition was m atched. The values 
of Qg in  each case was calculated using the theory of Van der Walle"'. These 
values were 67, 64, 63 and 63% for ME738, 739, 746 and 741 respectively.
Sample
Well Width (Â) 
Nominal Calculated
Well In Composition 
(%)
Nominal Measured"
Barrier Al Composition (%) 
Nominal Measured
a  b
ME738 100 95 20 16 0 0 0
ME739 100 112 20 18 5 5 5
ME746 100 110 20 18 10 8 8
ME741 100 100 20 20 20 19 21
Table 5.1. Calculated well w idths using the EMF of single strained QW’s, 
m easured barrie r widths, and the m easured In and Al compositions.
from low tem perature PR m easurem ents of Gil et. al."'.
 ^ th is  work.
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The dotted lines of figs. 5.2(a)-5.5(a) show the experim ental norm alised differential 
(AR/R) PR spectra in absolute units. All spectra showed a num ber of clear well- 
defined PR structures around zero on a flat background. Each PR spectra 
consisted of a num ber of individual spectra which were made for particu lar PR 
structures and the resu lt of either two or four average scans as explained in 
chapter 3. The zero of each individual derivative spectrum  was determ ined by 
blocking the probe beam  a t the beginning and ends of the spectrum , m aking sure 
no PR structure  was lost. For ME738, the spectrum  is dominated by two large 
oscillations a t 1.289 (a) and 1.426 (b) eV. These are attribu ted  to the first confined 
transition , IIH , and the E„ transitions w ithin the GaAs buffer/substrate"'^' 
m ateria l respectively. The position of (b) in energy gives a direct m easurem ent of 
the b arrier height and the position of (a) can be used to determ ine the In 
composition which is shifted due to the hydrostatic and shear components of strain  
and quantum  confinement effects. In  between the I IH  and GaAs barrier 
oscillations are the higher confined transitions of the QW, which are less clear. 
Unconfined transitions are expected to occur above the GaAs barrier. Four 
features are observed between (a) and (b) a t 1.31,1.347, 1.38 and 1.419eV, labelled
(c), (d), (e) and (f) respectively. Feature  (c) appears as a shoulder on the I IH  
feature shown in fig. 5.2(a). Similarly, (f) interferes with the low energy wing of 
the GaAs oscillation. This makes the lineshape analysis of (c) and (f) more 
difficult. No structure was observed below (a). The solid lines in fig. 5.2(a) is the 
least squares fit of the TDFF. An excellent fit is obtained. Figure 5.2(b) shows the 
Kram ers-K ronig (KK) transform  of the m easured spectra for ME738 from which
109
Chapter 5
9e-05 data 
TDFF fit
7q-05
5e-05•S§
3e-058
1e-05
-1e-05
-3e-05
-5e-05 — 1.26 1.30 1.34 1.38 1.42 1.46
Energy (eV)
Figure 5.2(a). Room tem perature PR of ME738 (dotted line) and the TDFF fit for 
a 2d critical point (solid line). The arrows a and b indicate the m ain transitions 
from the well and barrier respectively. In between these are the confined 
transitions, c, d and e, obtained from fig. 5.2(b).
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Figure 5.2(b). KK transform of the PR spectra for ME738 above. From this the
confined transitions are located and labelled above. Also obtained were FWHM’s,
transition energies and broadenings for initial guesses in the TDFF fitting.
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Figure 5,3(a), Room tem perature PR of ME739 (dotted line) and the TDFF fit for 
a 2d critical point (solid line). The arrows a, b and c indicate the m ain transitions 
from the well, substrate/buffer and barrie r respectively. In between these are the 
confined transitions obtained from fig. 5.3(b).
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Figure 5.3(b). KK transform of the PR spectra for ME739 above. From this the
confined transitions are located and labelled above. Also obtained were FWHM's,
transition energies and broadenings for initial guesses in the TDFF fitting.
I l l
Chapter 5
0.0003
data 
TDFF fit0.0002
§ 0.0001
I
- 0.0001
- 0.0002
Energy (cV)
Figure 5.4(a). Room tem perature PR of ME746 (dotted line) and the TDFF fit for 
a 2d critical point (solid line). The arrows a, b and c indicate the m ain transitions 
from the well, substrate/buffer and barrie r respectively. In between these are the 
confined transitions obtained from fig. 5.4(b).
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Figure 5.4(b). KK transform of the PR spectra for ME746 above. From this the
confined transitions are located and labelled above. Also obtained were FWHM’s,
transition energies and broadenings for initial guesses in the TDFF fitting.
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Figure 5.5(a). Room tem perature PR of ME741 (dotted line) and the  TDFF fit for 
a 2 d critical point (solid line). The arrows a, b and c indicate the m ain transitions 
from the well, substrate/buffer and barrier respectively. In  between these are the 
confined transitions obtained from fig. 5.5(b).
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Figure 5.5(b). KK transform of the PR spectra for ME741 above. From this the
confined transitions are located and labelled above. Also obtained were FWHM’s,
transition energies and broadenings for initial guesses in the TDFF fitting.
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the energies and broadenings of the features in  the PR spectra were obtained for 
use in  fitting. The transition  energies obtained from fitting are shown as arrows. 
The analysis is complicated by (c) and (0 not producing clear KK peaks.
F igure 5.3(a) shows the AR/R spectra for ME739, with nom inally 5% AlGaAs 
barriers. This is a more complicated spectrum  due to the presence of the three 
m ateria l systems of the well, barrie r and buffer/substrate respectively. Three 
prom inent features in m agnitude are observed which occur a t 1.265, 1.423 and 
1.487eV and are labelled (a), (b) and (c) respectively. These are attribu ted  to the 
I IH  transition  of the well, the E„ of the GaAs buffer/substrate and of the AlGaAs 
respectively. Since the barrier m aterial is AlGaAs all higher confined transitions 
should be observed between (a) and (c). S tructures are observed a t 1.282, 1.34, 
1.38 and 1.4leV, labelled (d), (e), (f) and (g) respectively. Two features occur above 
the GaAs oscillation, a t 1.45 and 1.477eV, labelled (h) and (i) respectively. In this 
spectra, the confined transitions are more difficult to distinguish since separate 
structures appear to merge. Also the GaAs dom inant oscillation could m ask 
w eaker transitions which further complicates the analysis. Features (d), (e) and 
(f), of fig. 5.3(a), appear to the equivalent of (c), (d) and (e) respectively in fig. 
5.2(a). A higher transition  is observed above the AlGaAs barrie r a t 1.52eV, 
labelled (j). From the position of the AlGaAs feature in energy, 1.487eV, the A1 
composition was calculated using a linear interpolation between the room 
tem perature band gap of GaAs and 33% AlAs, 1.83eV. This value of AlAs was 
chosen because beyond 33% the m aterial becomes indirect a t the F-point of the BZ 
resulting  in  a sharp change in  the approximately linear energy verses A1
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composition profile. The room tem perature determ ined PR value was y=5%, in 
agreem ent w ith Gil. et. al.^^\ and is shown in  table 5.1. The solid line of fig. 5.3(a) 
shows a good TDFF fit. Figure 5.3(b) shows the corresponding KK transform  for 
the m easured spectra of ME739. The m ain transition  energies obtained through 
fitting  are indicated by the arrows. Again structure (g) does not form a clear peak 
b u t a shoulder on the GaAs structure.
F igure 5.4(a) shows the AR/R spectra for ME746, the 10% AlGaAs sample. The 
first confined transition, labelled (a), I IH , has not shifted relative to the 
corresponding structure  for ME739 in fig. 5.3(a) and occurs a t 1.266eV, while the 
barrie r feature, labelled (c), has shifted by 35meV to 1.522eV relative to the 
equivalent feature in  fig. 5.3(a). The GaAs oscillation, labelled (b), occurs a t 
1.421eV. S tructures are observed a t 1.351, 1.374, 1.433, 1.44, and 1.468eV labelled
(d), (e), (f), (g) and (h) respectively. These are sm aller in m agnitude th an  those in  
figs. 5.2(a) and 5.3(a). As in  ME739, the transitions above GaAs, (g) and (h), 
appear to merge and are difficult to distinguish. The barrier PR structure  position 
gives an  A1 composition of 8 %, again in agreem ent with Gil et. al.^ ’^l  An above­
barrie r transition  is seen a t 1.55eV, labelled (i). The solid line shows a reasonably 
good fit is obtained. Figure 5.4(b) shows the KK transform  of the m easured spectra 
for ME746, which is complex. The transition  energies of the confined states were 
obtained from inspection of both the KK and PR spectra. The arrows again 
indicate the transition  energies obtained from lineshape fitting.
Finally, figure 5.5(a) shows the AR/R spectra for ME741, the 20% AlGaAs sample. 
This is by far the m ost complicated spectrum  and the largest signal m agnitude of
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the set. Here, the I IH  transition, labelled (a), has moved to 19meV to 1.247eV, 
and the AlGaAs barrie r transition, labelled (c), has moved by 165meV to 1.687eV 
relative to the equivalent transition  in  ME746, fig. 5.4(a). This gives an A1 
composition of 2 1 % in  disagreem ent w ith the 19% m easured by Gil et. The 
GaAs occurs a t 1.428eV, labelled b. A large feature, labelled (d), occurs a t 1.387eV 
on the low energy wing of the GaAs oscillation. No other feature is seen between 
(a) and (b), even on an expanded scale except for the small shoulder on the GaAs 
oscillation a t l,419eV, labelled (e). Above (b) a series of regular periodic 
oscillations are seen a t 1.462, 1.493, 1.519, 1.55, 1.589 and 1.649eV. These could 
resu lt from interference effects and are discussed later. Features above the 
AlGaAs barrier occur a t 1.717, 1.735 and 1.76eV. The corresponding TDFF fit is 
again, as in  the  case of ME746 fig. 5.4(a), reasonably good. The region between (a) 
and (d) is poorly fit. The corresponding KK transform  of the m easured spectra is 
shown in figure 5.5(b) and is complex. Also shown are the transition  energies 
obtained from the fit.
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Figure 5.6. Comparison of the m easured and predicted transition  energies for the 
four samples. This clearly shows th a t more th an  one predicted transition  could be 
assigned to a m easured one. The calculated values are obtained using the 
calculated well width, and the m easured x (ref. 6 ) and y (this work) compositions.
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M 15738 M I5739 M 15746 M 15741
Mctisui'cd CulculalraJ Mensural Cnicultued Miiiisuvud CidculilUsd Mensural Cnlculnlod
1.29 1.239 IIH 1.265 1.265 n i l 1.266 1.266 n i l 1.247 1.247 n i l
1.284 1211 1.265 1211
1.312 1.311
1.34 2111 1.294 1311
1.309 1.309 1211 1.282 1.281 1211 1.348 1-lH 1.326 2111
1.308 1311 1.351 1.349 111, 1.333 1-lH
1.358 2211 1.342 n i .
1.386 2311 1.343 2211
1.347 1.335 13H 1.337 1.335 2111 1.374 1.373 2311
1.345 111. 1.341 111, 1.387 1.382 ISll
1.345 Mil 1.398 121,
1.35 1 2211 1.413 2-111
1.38 1.38 2211 1.379 1.37 8  2311 1.421 1.421 211, 1.419
(GnAs) 1.422 2-111
1.-123 211, 1.422 211,
1.428
1.419 1.416 2U. 1.409 1.411 2-111 1.4331 (GnAs)
1.111 211,
1.447 3111
1.461 2.311
1.426 1.424 1.423 1.425 1.441 1.462 1.465 3211
(GiiAa) (GiiAs) 1.478 221,
1.493 1.494 3.311
1.457 1.468
1.519
1.477 1.52 1.534 3411
(A IG il- \ s ) 1.543 311,
1.55
1.582 3.311
1.487
(AlGaAs) 1.589 1.599 ,321,
1.649
1.687
(AIGnAs)
Table 5.2. Comparison of the m easured transition  energies (in eV) and the nearest 
predicted transition/s for all the samples. Only type I transitions are considered. 
The predicted values were calculated using the calculated well w idths and the 
m easured x (ref. 6 ) and y (this work) compositions. The m easured transition  
energies are corrected by 8 meV to account for
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Figure 5.7. Energy variation of the predicted excited states as a function of for 
ME738 (solid line) using the calculated well widths, x from ref. 6  and the room 
tem perature  y value. The circles are the m easured transition  energies. The dashed 
line is the best estim ate of experim ent and theory. This occurs a t 60±2%. The 
predicted lines term inate where transitions become indirect.
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Figure 5.8. Energy variation of the predicted excited states as a function of for 
ME739 (solid line) using the calculated well widths, x from ref. 6  and the room 
tem perature  y value. The circles are the m easured transition  energies. The dashed 
line is the best estim ate of experim ent and theory. This occurs a t 6 6 +2 %. The 
predicted lines term inate where transitions become indirect.
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Figure 5.9. Energy variation of the predicted excited states as a function of for 
M E746 (solid line) using the calculated well widths, x from ref. 6  and the room 
tem perature  y value. The circles are the m easured transition  energies. The dashed 
line is the best estim ate of expeiim ent and theory. This occurs a t 60±4%. The 
predicted lines term inate where transitions become indirect.
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Figure 5.10. Energy variation of the predicted excited states as a function of for 
ME741 (solid line) using the calculated well widths, x from ref. 6 and the room 
tem perature  y value. The circles are the m easured transition  energies. The dashed 
line is the best estim ate of experim ent and theory. This occurs a t 66±6%. The 
predicted lines term inate where transitions become indirect.
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Sample Qc(%)
ME738 60±2
ME739 66±2
ME746 62±4
ME741 66±6
Table 5.3. Best estim ate for the conduction band offset with the associated errors 
determ ined from figs. 5.7-5.10.
5.7.3 D iscu ss ion
Values of X, y and well w idth of individual samples differ due to flux transients^^^^ 
when the sh u tte r is opened. Normally sm aller variations are expected from MBE 
growth.
Lineshape fits for ME738 and 739 were excellent as shown by the solid lines in 
figures 5.2(a) and 5.3(a) respectively. The fits for ME746 and 741 were not as 
good, again shown by the solid lines in  figures 5.4(a) and 5.5(a) respectively. 
These, however, are better th an  those obtained by other workers. For ME746 and 
741, the th ree largest PR structures were fitted well. These correspond to the PR 
arising from I IH  confined transition , and the E„ of GaAs and AlGaAs. For the 
higher excited transitions, between the I IH  and the GaAs structure, the fitting 
proved difficult. Above the GaAs feature fitting was easier and accurate. For the 
fitted PR structures, the transition  energies obtained are accurate to about
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±3meV^^^  ^ which is in between the m easurem ent resolution of 4meV a t 650nm to 
l.GmeV a t 1150nm. The transition  energies from fitting are shown in  table 5.2 and 
as circles in  figure 5.6 for all four samples. A num ber of uncertain ties exist within 
this analysis. The most significant are x, y, the well w idth and Gil et. al. '^’^ 
have calculated th a t 3(22H)/dy»1.5meV/percent and 3(22H)/dx=10meV/percent. 
This indicates since the HH transitions are more sensitive to x, th a t these 
transitions will be more accurate for fitting. The HH transitions will also be a good 
check of the In  composition when confinement and stra in  effects are accounted for. 
Therefore uncertainties in  y and particularly  in x may explain some of the 
discrepancies between the m easured and predicted confined states transition  
energies. O ther sources of error include using an idealised square well potential 
to determ ine the predicted transitions. This in practice may not be the case. 
Lattice relaxation, if any, would also need to be accounted for in theory. This can 
easily be m easured using x-ray techniques. U ncertainties in the value of E^ for 
h igher transitions suggests th a t it  is better to fit the lower energy confined 
transitions. Therefore any errors for the estim ated value for are determ ined 
largely by x and E^ ,.
Consider first the GaAs structures in figs. 5.2(a)-5.5(a). This was attribu ted  to the 
E„ transition  either w ithin the GaAs substrate  or buffer region. In all cases, except 
for ME746, the GaAs structure could only be accurately fit by using two 
oscillators. This is contrast to the GaAs structures from single strained  layers of 
InGaAs on GaAs substrates reported in chapters 4 which required 3 to 4 
oscillators. The strongest oscillator occurred a t round the E„ of bulk GaAs, with
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the second some 9-lSmeV below. The second structure appeared as an  inflection 
on the GaAs structures in  the corresponding KK plots, figs. 5.2(b)-5.5(b). Identical 
features were observed by Sydor et. al.^ '*’^  ^ from room tem perature  PR 
m easurem ents of pure and doped MBE grown GaAs. The low energy structure was 
a ttribu ted  to an  im purity effect traceable m ainly to the substrate. Additionally, the 
work of Glembocki et. al."^ "^\ where PR was performed on several samples with 
varying GaAs cap thickness, the same shape GaAs PR feature was observed in all 
the samples studied regardless of the type of cladding layer, indicating th a t the 
signal originates from the GaAs substrate  layer. This implies th a t the m ain 
structure  m ay arise from the substrate and not the buffer layer. However, this 
does not elim inate the low energy structure  as being a higher confined sta te  of the 
well. For ME746 this low energy structure was not observed because of the 
relatively poor fit to the GaAs structure on the low energy wing. However, it  is 
still believed to be p resent as indicated by the unsym m etrical n a tu re  of the 
corresponding KK peak in  fig. 5.4(b). This secondary structure  will be compared 
to the predicted confined transitions and discussed later. The presence of the GaAs 
structures in  all bu t ME738 is unw anted as it could dominate sm aller m agnitude 
high confined transitions occurring a t round the same energy. In the case of 
M E738, th is is not so because the GaAs structure represents the barrier of the 
well. Thus any higher lying transitions would be those due to unconfined 
transition  which are not considered in this analysis. A possible solution to the 
presence of the GaAs structure for the samples w ith AlGaAs barriers could be to 
increase the thickness of the AlGaAs barriers and remove the GaAs cap layer in
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order to reduce the m agnitude of the electric field a t the substrate  following Zheng 
et. al.^ *"^ .^ This will correspondingly reduce the m agnitude of its  PR signal. For 
ME739 and 746, the A1 barrier composition deduced from the m easured spectra 
using a linear interpolation between the constituent binaries are in agreem ent 
w ith the  low tem perature values obtained by Gil et. al.^ ’^l  For ME741 the A1 
composition is some 2% higher between the high and low tem perature values. The 
reason for th is is unclear. A possible explanation could be the interpolation 
between the constituent binaries used by Gil et. al.^ ’^^ to calculate the A1 
composition which is not explained. The value of y determ ined in  this work was 
used in  fu rther calculations. However, the calculated confined energies are almost 
identical using either value of y.
Table 5.1 shows the predicted well m d th s  for each sample. These are very close 
to the 100Â nominal value used in  the calculation of Gil et. al.'^l A ' system atical ' 
error is introduced here, since a predicted was used to calculate the well w idth 
which was la te r used to vary until a m atch to the experim ental data was found. 
Since the obtained values are close to the nominal ones, which were those used by 
Gil et. al.^^\ these were used.
Following the results of Shen et. al.^'^ where both symm etry allowed and forbidden 
transitions were observed using PR from GaAs/AlGaAs MQW’s, all possible type 
I transitions w ithin the well were calculated in this work and compared to the 
observed transitions. These are shown in table 5.2 and as squares in  fig. 5.6. From 
both table 5.2 and fig. 5.6, it  can be seen th a t the energy of the first confined 
transition , IIH , decreases w ith increasing x. This is expected since the bandgap
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energy of the well m aterial decreases, even for increasing y since the barrier 
height has little  effect on I IH  provided the well widths of all the sample are 
sim ilar. The near identical values for ME739 and 746 suggest very sim ilar x 
values since their well widths are v irtually  identical. This is in  agreem ent w ith the 
observations of Gil et. al.^^\ The lower I IH  value for ME741 suggests a higher x 
value, again as supported by Gil at. al.^ ’^^ w ith the well w idths rem aining almost 
identical between samples.
For ME738, the calculated transition  energies reveal both HH and LH transitions. 
The comparison w ith the m easured first two confined states, I IH  and 12H, is good 
as expected since these were used to calculate the well width. This agrees with 
Shen et. al.^ ^^  ^ observations of sym m etry forbidden transition  being present. The 
th ird  transition  is a ttribu ted  to either 13H or IIL . This was assigned the IIL  
transition  by Gil et. al.^ ’^^ and therefore fits w ith the observation in  this work. This 
indicates the 13H transition  to be either very weak or absent and therefore can 
be ignored in the other samples. I t is not clear why the 12H transition  was not 
observed a t low tem perature by Gil et. al.^ ^^  since it is known th a t low 
tem peratures enhance weaker structures. The forth transition  a t 1.38eV was 
a ttribu ted  to the 22H transition, again in  agreem ent w ith the low tem perature 
results. M iller et al.^ ^^  ^ showed th a t  the oscillator strength  of the 21L forbidden 
transitions could be larger th an  the streng th  of an allowed transition. The final 
one a t 1.419eV was therefore assigned to the 21L transition. Next is the E„ 
transition  of the GaAs barriers. The relatively good m atch with the m easured 
values suggest the predicted value of is reasonably accurate.
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ME739 followed a sim ilar trend, as ME738, in comparison w ith the predicted 
values and those of the low tem perature PR results^^'l However, the num ber of 
predicted transitions increased m aking a comparison for the higher states more 
difficult. From  table 5.2, the first three m easured transitions followed the 
predicted values and the observation a t low tem perature. These were assigned to 
I IH , 12H and I IL  transitions. Again, as w ith ME738, the 12H transition  was not 
observed a t low tem perature. The forth transition  a t 1.379eV is some 28meV above 
the predicted energy for 22H. This is outside the 8meV difference expected due to 
the exciton binding energy. The next sta te  is close to the 21L predicted states. 
Finally, the structure (c) is th a t due to E^ , of the barriers. I t can be seen th a t the 
comparison w ith the predicted values for higher transition  becomes worse, 
however, the lower transition  are fitted well. The transition  a t 1.523eV was 
a ttribu ted  to an  unconfined transition.
In  both ME746 and 741 it is clear from table 5.2 and fig. 5.6 by comparing it  to 
the previous two samples, th a t the 12H, and I IL  transitions for the la tte r, have 
not been observed. This is also the case for the low tem perature measurements'^®^ 
and cannot be explained. The comparison with the predicted values for the higher 
transitions is poor. This indicated a poor value of Q,. was calculated. The above 
b arrie r transition  in both samples was again a ttributed  to unconfined transitions. 
For ME741, fig. 5.5(a), the regular periodic structures observed above the GaAs 
structure  are not a ttribu ted  to interference effects. From the results of H uang et. 
al.'®®^ the PR from GaAs/AlGaAs MQW’s was investigated and modelled. Their 
resu lts showed structures arising from the excited confined states of the MQW and
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from interference effects. The interference was due to th a t between reflections 
from the  cap layer and substrate. This work clearly indicated th a t such 
interference oscillations to be much larger in m agnitude than  those due to the 
excited states transitions and significantly broader. In addition, these oscillations 
extended to low energy w ith decreasing am plitude and increasing period of 
oscillation. A lternatively, the observed structures in fig. 5.5(a) may be m istaken 
for Franz-Keldysh oscillations associated with the high field regime of PR. This is 
highly unlikely since the transverse m ass of the carriers w ithin the well is infinite 
and therefore no component of acceleration can be imposed upon them  by the 
applied field. W ithout this component of acceleration, no tunnelling of the carriers 
can occur to give rise to FKO’s''^ ®l The observed structures in fig. 5.5(a) are 
therefore a ttribu ted  to excited sta te  transitions. Their spacing is such th a t they 
appear to form a continuous smooth oscillation. Low tem perature PR m ight well 
reduce the broadening due to therm al effects'®'^  ^ associated w ith each transition  
and  reveal their discrete nature. Therefore these structures were modelled as 
confined s ta te  transitions. However, assignm ent of the observed transitions to the 
predicted ones was difficult and speculative, as can be seen from fig. 5.6 and table 
5.2 due to the num ber of predicted transitions and their close proximity in energy. 
I t  is therefore clear th a t identification of the observed excited sta tes is crucial for 
analysis. This conclusion has been reached by most workers in  th is field. Accurate 
assignm ent would allow a better QW model to be constructed whose param eter 
could be varied to obtain a more precise value. This could, for example, be 
achieved by performing polarisation PR m easurem ents in a total in ternal
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reflection mode, as performed by Ksendzov et. alJ”®l Here, unambiguous 
identification of the HH and LH transitions were made using x- and y-, and z- 
polarised probe beams. The x- and y-polarisations results in  both HH and LH 
transition  being observed and the z-polarisation resulted  in  only the LH 
transitions. Sim ilar identification can be achieved using piezoelectric and 
wavelength m odulated reflectance, as performed by M athieu et. 
A lternatively, the uniaxial stress along the (110) direction m easurem ents of 
A rnaud et, al.'^ '^  ^ can be used. Here, the ra te  of shift of the HH and LH subband 
transitions w ithin the well to higher energies is faster for the LH th an  for the 
jjjj[25,226,27]^  agaiii giving the ir unam biguous identification. The analysis of ME746 
and 741 is additionally complicated by the observation of un confined transitions 
below the QW barrier of AlGaAs/GaAs structures by J i et. al.''’^ *. I t is possible th a t 
some of the observed transitions in  th is work will fall into this category. Since this 
analysis is concerned w ith the lower transitions, the forbidden transitions are not 
expected to be observed. Despite all of these difficulties a good m atch between the 
experim ental and predicted transitions is found. The discrepancy suggests th a t the 
QW theory may need to be modified to account for variations such as a non-square 
well potential and possible lattice relaxation. This discrepancy is not solely related 
to the values of x, y and the well w idths used in  the calculations. F u rth er 
theoretical work is needed here to investigate this discrepancy.
The excited states were recalculated, using the previously used x and y 
compositions and calculated well w idths, as a function of Q  ^for all transitions. The 
resu lting  energy variations are shown in  figures 5.7 to 5.10 for ME738, 739, 746
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and 741 respectively. The curves term inate when the transitions become unbound. 
These energies were m atched to the m easured energies until a reasonable fit was 
found. I t m ust be stressed these resu lts represent an attem pted best estim ate and 
are not accurate fits. The resulting values are shown in table 5.3. ME738 
proved to be the easiest to fit because of the least num ber of m easured and 
calculated transitions. was estim ated by inspection a t 60+2% shown by the 
dashed line in  figure 5.7. This is differs to the 67±7% for 19% In  as m easured by 
Ksendzov'®®  ^for InGaAs/GaAs and is in  agreem ent with the high pressure resu lt 
of W ilkinson et. al.'^ ®^  of 60+2%. For ME739 the best fit occurred a t 66±2%, again 
shown by the dashed line in figure 5.8. This la st resu lt is in close agreem ent w ith 
th a t reported by Debber et. al.'^^I Here, sim ilar samples were investigated, using 
deep-level tran sien t spectroscopy, having fixed A1 barrier compositions of 20% and 
varying In compositions and well widths. For ME746 and 741 values of 62+4% and 
66±6% respectively were estim ated, shown, again, by the dashed lines in figures 
5.9 and 5.10 respectively. The increased errors represent the increased uncertainty  
in  estim ating a good fit. Debbars et. al’s'^ '* results show for the 20% A1 and 18% 
In was m easured a t 70% and were found to increase monotonically w ith In 
composition. This is w ithin the range estim ated for ME741 which this sample 
resembles. All the values obtained are w ithin the range obtained by other 
workers and are shown in table 5.3. A degree of scatter is obtained which is 
a ttrib u ted  to the errors in x, well w idth and E^. No discernable trend  with x can 
be deduced.
These resu lts show th a t it  is in  principle possible to use PR to m easure Q^ . I t is
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necessary, though, to identify the individual excited transitions, which would 
elim inate some curves in  figures 5.7 to 5.10, thus allowing a more accurate 
estim ate. Accurate values of x, y, and the well w idth need to be known.
5.8 Sum m ary and C onclusion
In  conclusion this work has dem onstrated th a t it  is in principle possible to 
determ ine the conduction and valence band off-sets w ithin quantum  wells 
composed of InGaAs/AlGaAs/GaAs using room tem perature photoreflectance. 
Excellent fits to the PR spectra were obtained. The obtained transition  energies 
related well to those predicted. A discrepancy exits which is probably due to using 
an idealised square well potential in the theory. This suggests more theoretical 
work needs to done to explain this discrepancy. The resu lting  offset values are 
encouraging. However, a num ber of problems rem ain which need to be resolved. 
Firstly, i t  is very im portant to obtain accurate composition and well w idth values. 
Secondly, it is essential th a t all the structures observed within the 
photoreflectance spectrum  are well defined and, most im portantly, correctly 
identified. This could be achieved by performing polarisation sensitive 
photoreflectance. Thirdly, when theoretical modelling is performed all forbidden 
and  allowed transitions should be calculated. This is essential for the correct 
identification of the observed structure and for elim inating those excited 
transitions which are not observed experim entally. Fourthly, x-ray techniques 
need to be performed to m easure the extent of lattice relaxation, if  any, and 
incorporated in  the theoretical calculation. These four points are entirely realistic
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to achieve. The final model can then  be fine-tuned to m atch the experim ental 
resu lts  to produce an accurate value of the off-sets. Despite these problems the 
values obtained from a best estim ate are w ithin the range predicted by other 
workers for sim ilar samples.
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Chapter 6 
Spectroscopic Ellipsometry Studies 
of (Ga, In, Al, As, P) - Based Ternary 
Multilayer Structures
6.1 Introduction
M odern semiconductors are becoming more complex with the use of ternary  and 
quaternary  compounds involving elem ents from groups III and V. These are used 
in  the growth of low dimensional and increasingly complex m ultilayer structures. 
This places increasing demands on the epilayer thickness tolerances of device 
s tructu ral dimensions and has led to a need to accurately assess both epilayer 
thickness and alloy composition in a rapid, non-destructive m anner. Presently, 
characterisation can be performed using a num ber of complementary techniques 
which are usually destructive to the te st sample. These include the one used in 
th is work which are: exam ination of stained cleaved edges in  Scanning Electron 
Microscopy (SEM), x-ray tunnelling electron microscopy (XTEM) and selective etch 
removal. O ther techniques not used here include low tem perature 
photoluminescence (PL), double crystal x-ray diffraction (DCXRD), Ram an
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spectroscopy and m odulation spectroscopy. Spectroscopic Ellipsom etry (SE) has 
been shown to be a viable technique in  the rapid non-destructive assessm ent of 
alloy composition, epilayer thickness and interfacial properties which has been 
extensively applied to the GaAs/AlGaAs system'^ '^ '^^  ^ and more recently to single 
and m ultilayer structures^^'^l O ther applications include quantum  wells*^ ’^^ and 
silicon oxides^^\
A m ajor lim itation of SE is its reliance on accurate dielectric data  for sim ulation 
of the m easured structures. This has led predom inantly to those m ateidals being 
tested  whose dielectric functions are accurately known. This includes GaAs and 
AlGaAs structures"^^'^'^\ Another lim itation is the loss of sensitivity as one probes 
g reater depths below the surface. This has lim ited the num ber of layers of a 
s tructure which has been analysed by SE.
This work presents the first SE analysis of thickness and composition of two-, 
three- and four-layer structures incorporating In^gGa^^As and Al^gln^As lattice 
m atched to InP. This analysis is performed using reference dielectric data  from 
published literatu re . The dependence of the accuracy of the modelled epilayer 
thicknesses upon the dielectric data used in sim ulations is also shown. No 
dielectric data  exists for Al^In^^As below 2.5eV which is needed in modelling of 
the te s t structures. A technique is presented for sim ulating this, in our 
m easurem ent region, using a scaling procedure based on InP dielectric data. This 
modelling procedure is repeated using, for the first time, m easured dielectric data 
from single thick te s t epilayers of A l^ In  ^As, and In ^^Ga^^As, from which the 
effects of surface oxide and the substrate  are removed m athem atically using
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commercial software. The resulting epilayer thicknesses obtained using the two 
dielectric data  sets are compared to values obtained using the destructive 
techniques, m entioned above.
Following an introduction, the general theory of SE is outlined w ith reference to 
simple reflecting systems, which is not m athem atically rigorous. Next, the 
experim ental details and data  analysis are given. Finally, the resu lts and 
discussion of the two techniques are presented before the final conclusions are 
drawn.
6.2 S pectroscop ic  E llip som etry
6.2.1 In troduction
W hen a polarised beam of light is modified by, for example, reflection a t non­
norm al incidence from a specularly reflecting surface, its s ta te  of polarisation is 
changed. Ellipsom etry is the branch of spectroscopy th a t deals w ith the 
m easurem ent and in terpretation  of the change in polarisation s ta te  in  term s of the 
physical properties of the reflecting surface. Consequently, the technique is not 
dependent on light in tensities and can be performed a t room tem perature. As a 
complement, i t  can be used in conjunction with Photoreflectance (PR), which can 
also m easure the alloy composition of single and m ultilayer structures'®^, strain'"^\ 
carrier concentration and m aterial quality''"' but which can only m easure epilayer 
thicknesses indirectly"". SE has a depth profiling capability due to the dependence 
of the optical penetration depth of the incident beam on wavelength. At low energy 
(large wavelengths) the optical penetration into the te st sample is high, thus
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buried  layers are probed. Conversely, a t high energy (low wavelengths) the 
penetration  is small, where surface layers are probed"^'.
As m entioned earlier, a m ajor lim itation to the accuracy of the technique is the 
decrease in, and u ltim ate loss of, sensitivity as one probes to greater depths below 
the sample surface. This is particularly  apparent in semiconductors where the 
absorption can change by several orders of m agnitude over a short wavelength 
range, so th a t sensitivity to characteristics beneath the sample surface is a strong 
function of photon energy. A related lim itation is caused by correlation between 
theoretical model param eters used in  the sim ulation of m easured spectra, such as 
alloy composition and epilayer thickness. In  general, param eter correlations tend 
to become more severe as the num ber of param eters increases and as param eter 
sensitivity decreases. Therefore, in the characterisation of m ultilayer structures, 
it  is necessary to maximise the sensitivity of ellipsometric m easurem ents to the 
model param eters of in terest. This m ust be performed for all new m aterial 
system s tested  and involves extensive m easurem ent and sim ulation of param eter 
correlations. Snyder et. al.'", has shown th a t a combination of variable angle of 
incidence of the light beam and variable wavelength capabilities will achieve the 
h ighest possible sensitivity and accuracy in the m easurem ent of m ultilayer 
structures. Finally, the accuracy of the m easured param eters relies heavily on the 
th a t of the dielectric data used in computer sim ulations of the te s t structure which 
determ ines the accuracy of the sim ulation and therefore the accuracy of the final 
param eters of the simulation. The fact th a t SE m easures changes in  polarisation 
s ta te  ra th e r than  light in tensity  m akes it an inherently high precision technique
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which is not affected by light source fluctuations or light scattering defects. I t has 
been dem onstrated '" th a t using the optimum value of angle of incidence and 
w avelength for highest sensitivity to epilayer thickness, its  value can be 
determ ined to w ithin a few angstrom s (A). Ternary and quaternary  compositions 
can be obtained by a comparison of the m easured spectra to known data  using 
linear interpolation between the two data sets.
6.2.2 G eneral Theory
A polarisation sta te  is specified by two param eters, for example, the relative phase 
and relative am plitude of the orthogonal electric components of the polarised light 
wave. Because, in general, both electric field components are modified upon 
reflection, a single ellipsometer setting provides two independent param eters: 
changes in  both the relative phase and am plitude of the orthogonal field 
components. These changes are used w ith appropriate theoretical models of the 
te s t s tructure to determ ine the physical characteristics of the reflecting m aterial. 
This is explained further in  section 6.3. For example, one can determ ine both the 
real and im aginary parts of the dielectric function of a bare reflecting surface, or 
the thickness and refractive index of a tran sp aren t film deposited on a substrate 
whose dielectric properties are already known.
The m anipulation and m easurem ent of the polarisation sta te  for most 
ellipsom eters is performed by linear optical elements, shown in  figure 6.1. The 
source, monochromator and collimator provide a qua si-monochromatic flux. The 
polarisation of th is flux is determ ined before reflection by a polariser. The
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polarisation sta te  of the reflected beam  is determ ined by the second polariser 
called the analyser. In  the ellipsometer set-up here, the reflected light is filtered 
using a monochromator and detection is made using a photom ultiplier tube or 
solid s ta te  detectors, depending upon the wavelength range of interest. A num ber 
of ellipsom eter configurations exist, bu t the most common one, as th a t used here, 
analyses the tim e dependence of the transm itted  flux th a t resu lts from a periodic 
variation of one of the polarising elements. In our case the polariser ro tates and 
the analyser tracks. For highest sensitivity the analyser azim uth is changed to 
the am plitude ratio  of the detected light for the previously m easured wavelength. 
This is called photom etric ellipsometry. The general equation for the complex 
am plitude of the electric field vector of the transm itted  flux is usually calculated 
using Jones matrices"®^ which is beyond the scope of this work. A lternatively, 
following Aspnes"^'\ the resu lt can be obtained directly by calculating the effect of 
each linear elem ent upon the orthogonal component of the field in  the frame of 
reference of the element. Using the orientations given in the figure 6.2, where the 
field and azim uth conventions used are shown. and ^  is the linearly polarised 
electric field vectors transm itted  by the polariser and the analyser respectively. 
The azim uth angles P and A, for êp and respectively, relative to the plane of 
incidence are positive as shown in  fig. 6.2. The complex field am plitude 
transm itted  by the analyser is given by,
^  [rpCOs(P)cos(A) + rgSin(P)sin(A)l (6.1)
Finally, r  ^ and r  ^ are the complex reflectance coefficients of the reflecting surface 
for field components parallel and perpendicular, respectively, to the plane of
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incidence. The convention used here is shown in figure 6.3 and is convenient for 
ellipsometry, where for simplicity an  optically thick substrate  has been assum ed
Dctoctor
Xenon 
Light SourceMonochromator
Tracking Analyser
Rotating Polariser
Sample
Figure 6.1. A schematic representation  of the ellipsometer set-up. The sample is 
illum inated using a high pressure Xenon lamp. The reflected signal is filtered 
using a prism /grating monochromator. Detection is performed using either a 
photon counter or a cooled Ge detector. Here the time dependence of the 
transm itted  flux is analysed resulting from a periodic variation of the polariser. 
The polariser, therefore, ro tates and the analyser tracks the reflected light.
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Plane of Incidence
Propagation Vector
F igure 6.2. Field components and azim uth angle conventions used. and  ^  are 
the linearly  polarised electric field vectors transm itted  by the polariser and 
analyser respectively. The azim uth angles, P and A, locating 0^ and ^  
respectively, relative to the plane of incidence are positive as shown.
Reflected
Incident
Transmitted
Figure 6.3. Convention for the electric fields used to calculate the complex 
reflectance a t a plane-parallel interface in  the two-phase (am bient-substrate) 
approximation. H ere (j) is the incident angle.
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from which there is no reflection from its  back surface. In term s of the incident 
and reflected complex field am plitudes ^  and in  the p- and s-directions
respectively,
%
%
(6.2a)
(6.2b)
The intensity , I, of the plane wave in  free space is given by,
+ (6.3)
Eg is the  perm ittivity  of free space. The absolute reflectance coefficient, and R ,^ 
give the change in  in tensity  upon reflection and are related to r^ and i\ by,
= (6.4a)
" P
R, = i £ = | r J 2  (6.4b)
where I and  I" are the light in tensities for the incident and reflected light 
respectively. For many applications not involving absolute in tensity  
m easurem ents, it is convenient to express (6.1) in the form,
^  = ^ , 1'g [pcos(P)cos(A)+sin(P)sin(A)J (6.5)
where p is the complex reflectance ratio  of the reflecting surface defined by the 
expression.
The complex reflectance ratio is often expressed in term s of the am plitude ratio
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P  = l2 =  tan(\|/)e = tan(\j/) [cos(A) + i sin(A)] ( 6 . 6 )
ï*s
and A the phase difference from the previously m easured value. In the 
ellipsom eter configuration used here p is m easured. Once m easured, p is usually 
used to calculate param eters describing the reflecting surface.
6.2.3 S im ple R eflec tin g  System s
Considering the ideal two-phase (am bient-substrate) system, after Aspnes^ "^^^  which 
will illu stra te  the equations derived in section 6 .2 .2 . The reflecting surface consists 
of an  optically thick bare substrate and a transparen t am bient with isotropic 
dielectric functions and e^ , respectively. Here, the dielectric function is of the 
form e=e(co)=8 i(co)+ie2 (co) where e^ (co) and £2 (0 0 ) are the real and im aginary 
components respectively and co is the angular frequency of the light. Assuming p 
has previously been m easured, the objective is to calculate in term s of p and e,,. 
This can be done by assum ing a plane-wave solution to the general wave equation 
for an  isotropic medium,
y  2 _ e(m) 9^
c^ 9t^ ^
c is the velocity of light in vacuum, ^ i s  the electric field of the light wave.
For propagation in  the z-direction and in a local orthogonal coordinate system, ^  
(r,t) has the form.
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^  (r,t) = + Wyj) (6 .8 )
for the incident, reflected and transm itted  waves, k  is the propagation vector. 
Then the relative values of the coefficients can be determ ined according to the 
boundary conditions th a t normal B and norm al D are continuous; tangential ^  
and  tangentia l Tf are also continuous. Here D, Tf and B are the displacem ent field, 
m agnetic field in tensity  and m agnetic flux density respectively. Using these 
boundary conditions, and the conventions shown in fig. 6.3, it  can be shown 
that^^®’^ ®^.
= = (6.9a)
(6.9b)
where.
= n^ tCos((|)) (6 . 1 0 a)
(6 .1 0 b)1= ( 6 ,  -  e^ s inT (|)))
(|) is the angle of incidence. and are the effective complex indices of 
refraction describing the dielectric discontinuity which have the form 
n=n(co)=n+ik^.x where k^  ^is the extinction coefficient. The complex reflectance ratio 
for the two phase system, from eq. (6.9) is therefore,
p = tan(\jf) e = tan(y) [cos(A) + isin(A)] (6 .6 )
from which,
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e„sin (^(l)) - ly n ^  
e.,sin2((]))
_ sin (^(l)) - cos((j)) [(e/e J  -  sin^ ((l>) 1/2
sin^ (({)) + cos((|)) [(e/e J  -  sin^ (({)) 1/2
(6 . 1 1 a)
(6 . 1 1 b)
—i=sin^((j))+siri‘^ ((l)) tan^((j)) ( 1 -p)( 1 +p)
(6 .12)
Eq. (6 . 1 2 ) shows th a t if e,, is known and p is m easured a t a particu lar d then SE 
can generate its  own refractive index reference spectra for e^ .. This spectra, as 
explained in  chapter 2 , is sensitive to critical points in the bandstructure^^ 
Extending th is resu lt to the three-phase and n*"^’ phase overlayers is s tra igh t 
forward and involves repeating th is procedure using the final values of the field 
for the previous layer as the in itial values for the next layer.
The accuracy to which can be m easured is dependent upon the ellipsometer 
type. For the one used in  th is work, accuracies of.
=  1 x 1 0 " ' ^ (6.13)
can be achieved. This is not comparable to those obtained from modulation 
e x p e r i m e n t s ^ I f  greater accuracies can be achieved, then it  may be possible to 
perm it m ultiple differentiation of ellipsometric data to enhance weak 
structure'^^ '^^ '^^^ .^ D ifferentiation of the dielectric constant three times gives the 
corresponding PR spectra which could perm it a direct comparison between SE and 
m odulation spectra^
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6.3 E xper im en ta l D eta ils
The samples were grown a t Epitaxial Products In ternational (EPI), Cardiff. Each 
was an  undoped te s t structure grown using m etal-organo-vapour-phase-epitaxy 
(MOVPE). They consisted of: single tliick layers of In^Ga^^As and Al^gln^gAs 
lattice m atched to InP  and Al g^Ga ^gAs on GaAs of thickness in the range l-3pm. 
A two layer structure  of GaAs/AlggGa ^gAs on GaAs (EPI 6 ). Two three layer 
s t r u c t u r e s  o f  I n  g y Ga ^ yAs / Al ^ g l n^ g As / In  ^^Ga^^As ( E P I 7 )  a n d  
In ggGa 4 7 As/InP/In sgGa 4 7 AS (EPI 1 0 ) both lattice m atched to InP and  a four layer 
In  ggGa 4 7 AS/AI 4 gln ggAs/In ggGa 4 7 AS/AI 4 gln J5 2AS (EPI 8 ) also m atched to InP, All 
epilayer thicknesses were in the range 175-4500Â. The designs for E P I 6 , 7, 8  and 
10 are shown schematically in  figure 6.4. Lattice m atching was confirmed by 
perform ing x-ray diffraction on each sample. Direct thickness m easurem ents were 
m ade using XTEM on EPI7 and 8 , SEM on E PI 6  and selective etch removal on 
EPIIO. The ellipsometer used was an ES4G commercial instrum en t made by 
SOPRA of the ro tating  polariser and tracking analyser type, explained in  section 
6.2.2. The sample was illum inated using a broad band high pressure Xenon source, 
using the set-up shown schem atically in  fig. 6.1. A high resolution prism /grating 
monochromator was used to filter the detected light after passing through the 
analyser Detection of the reflected light was performed using a photon counting 
detector, over the energy range 1.5-5. leV, which was replaced by an analogue Ge 
detector for energies below 1.5eV. Ellipsom etric m easurem ents were made a t room 
tem perature in  normal am bient over the above energy range a t 1 1 2  equidistant 
intervals. An optimum incident angle of 75.1" close to the pseudo-Brewster angle
151
Chapter 6
was used to obtain the highest sensitivity as determ ined from sim ulations for 
these structures.
Oxide ,
GaAs 40
AlGaAs 60
GaAs Substrate
E P I6
Oxide ,
InGaAs 30
AlInAs 33
IdGeiA s 20
AlInAs 200
'/ / / / / / / / / / / / / / / / /
InP Substrate 
E P I8
Oxide ^
InGaAs 15
AlInAs 50
InGaAs 80
InP Substrate
E PI7
Oxide ,
InGaAs 17.5
InP 450
InGaAs 3100
InP Substrate
EPIIO
Figure 6.4. Schematic representation of the sample designs for E P I 6 , 7, 8  and 10. 
Also shown are the epilayer thicknesses in nm.
152
Chapter 6
6.4 D a ta  A nalysis
As explained in  section 6 . 1 , analysis of SE spectra relies heavily on accurate 
dielectric data. This takes the form of comparing the m easured tanCv]/), cos(A) data 
w ith com puter sim ulations calculated by constructing assum ed models of the test 
s tructure based on Fresnels relations with abrupt interfaces. The m easured 
dielectric data  incorporates the effects of oxide overlayers, the epilayer/s and the 
substrate . The m ean square difference between the experim ental and sim ulated 
da ta  is m inim ised by allowing the physical param eters of the model to vary using 
a linear regression routine based on the M arquardt algorithm^^ '^ '^ '^ '^ '^^ l^ These 
param eters are usually  the epilayer thickness and/or their composition. F u rth er 
refinem ents can be m ade by introducing a surface oxide and interface roughness 
effects between epilayers. I t can, therefore, be seen th a t good dielectric data  is 
essential for constructing accurate sim ulations and can often be the lim iting step 
in  accuracy between experim ent and theory.
Problems in the sim ulation were encountered, especially when the num ber of 
variables associated with m ultilayers was large, as in the case of the three- and 
four-layer samples. Here, the m inim isation routine converged to solutions which 
did not resem ble the te st structure. This was overcome by analysing the effect of 
individual layer thicknesses on the sim ulated spectra. From this it could be 
gauged which layers contributed to a particu lar p a rt of the m easured spectrum. 
Therefore, by knowing th a t certain  epilayer thicknesses need not be varied due to 
the close m atch to the m easured spectra over a particu lar spectral region, the 
num ber of param eters for m inim isation were reduced. Finally, when a close
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solution was found, all the model param eters were allowed to vary to produce an 
optim um  solution. The binary  compounds GaAs and InP are well characterised 
and good reference data  exist^^^l The ternaries Inog^^Gao^^As and Al^Ga .^^ j^As 
x=0-0.8'^ ^®^  are sim ilarly well characterised and have been extrapolated below 1.5eV 
to, l.leV , for use w ith the Ge detector. For the single thick layers, pseudo- 
refractive indices,
(n) = (n) + i(k^ )^ =(è)^ “^ (6.14)
have been calculated from a model which includes an oxide or roughness overlayer 
incorporated in the bulk, and compared to spectra obtained from reference data. 
The GaAs oxide data  is not a true  representation of the In^^Ga ^^As oxide bu t is 
a good approxim ation when thicknesses are accounted for. This is because for very 
th in  surface oxides the m easured data  is not very sensitive to the refractive index 
of the oxide. Since optical thicknesses are m easured in sim ulations, the 
combination of an approxim ate value of (h) is compensated for by a slightly 
different layer thickness.
Dielectric data for Al^^gln^j^gAs does not exist over the complete m easurem ent 
range, however the high energy m easured values of KrauseF^^^ indicate th a t below 
2.5eV its values were only a few percent higher than  those of InP. As a first order 
approximation, a simple procedure was adopted where the Al^In^^As data was 
sim ulated by shifting the onset of absorption and the perturbation  of (h) to higher 
energies. This absorption edge was shifted 0.15eV from 1.35eV, of InP, to 1.5eV 
of Al ^glnggAs and the m agnitude of (n) was increased by using an effective-medium 
model w ith 3% "negative voids". This involves an effective m edium  approximation
154
Chapter 6
(EMA) where the dielectric function of a m aterial is varied by changing its 
effective density through the inclusion of voids. The Bruggem an EMA^^”' model was 
used to calculated the effective dielectric function of the m ateria l and volume 
fractions were obtained from epilayer thicknesses^'^’I Figure 6.5 shows a 
comparison of (n> for the single thick (2 .8 pm) Alo^gln^j^gAs layer (solid), the original 
InP  data  incorporating a 20Â surface oxide (short dash) and the scale shifted InP 
(long dash) values. In the 1.4-2.leV  energy range a clear im provem ent in the 
comparison of the m easured Al^gln^As and the scale shifted data is observed. 
Beyond approximately 2.5eV the discrepancy between the InP and the ternary  
data  is large and is a ttribu ted  to higher direct E  ^ transitions of the X-minima in 
the Brillouin Zone (BZ) of the te rnary  occurring a t approximately 2.8eV^’’^ l Since 
a good correspondence is obtained a t low energies th is implies only buried 
Al 4 gln ggAs layers can be sim ulated where the optical penetration into the sample 
is large. Conversely, surface layers cannot be sim ulated since these are probed a t 
high energies where the optical penetration is small and data  correspondence is 
poor.
For the single thick layers, In^gGa^yAs and A l^In^A s, the effects of oxide and 
substra te  are removed using Fresnels relations in the three phase 
oxide/epilayer/substrate model leaving the calculated dielectric response of the free 
standing epilayer. The results of this procedure are compared with published 
refractive index data  and used in the re-modelling of the m ultilayer spectra. A 
comparison of the epilayer thickness using the m easured dielectric data is then 
made w ith the values obtained using the reference and scale shifted data.
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6.5 E xper im ental R esu lts
Since the AlGaAs of E P I 6  is well characterised it  will not be discussed here, but 
the results of m easurem ent simply quoted^’’ in table 6 . 1 .
Sample
Material Thicknesses (nm): Nominal (N), Measured (M) and Simulated (1,2).
1 2 N M 1 2 N M 1 2 N M 1 2 N M 1 2
EPI6
Oxide GaAs AlGaAs
1.7 40 40 37.5 
(±5) (±1)
60 60 57.5 
(5±) (±.5)
EPI7
Oxide InGaAs AlInAs InGaAs
2.2 .4 15 16.5 16 12 
(+1) (±1)(±.5)
50 47.5 50 45.1 
(±1) (±4) (±1)
80 81 73.5 78.4 
(±1) (±4) (±1)
EPI8
Oxide InGaAs AlInAs InGaAs AlInAs
2.0 2.1 30 .5 30 25.4 
(±1) (±2) (±.5)
33 30.5 29.5 29.5 
(±1) (±3) (±.5)
20 18.5 19.6 
(±1) (±2) (+.5)
200 191 177 184.2 
(±2) (±8) (±1)
EPIIO
Oxide InGaAs InP InGaAs
2.3 2.15 17.5 17.5 17 16.1 
(±5) (±.5)(±.2)
450 460 454 452.4 
(±5)(+2.5) (+.5)
3100 3060 a) 3030 
(±70)
D estructive techniques: XTEM (EPI7,8), SEM (EPI 6 ) and selective etch removal 
(EPI 10). a) is too thick to be m easured.
Table 6 .1 . A comparison of the thicknesses in nm  obtained from the destructive 
techniques (M), the scale shifted and reference dielectric data, 1, and the 
m easured dielectric data, 2. These are shown with experim ental and theoretical 
errors. Also shown are the nom inal values (N).
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Figure 6 . 6  shows a comparison of the m easured spectra for the thick In  ^ gGa ^yAs 
layer w ith the reference data and spectra of the constituent binaries GaAs and 
InP, all w ith 27Â native oxide. A very good correspondence is found with the 
reference data.
The m easured and best fit modelled spectra using the reference data  for EPIIO is 
shown in  figure 6.7. Here the correspondence a t higher energies is good bu t 
deteriorates below 1.8eV, which represents contributions from the buried layers. 
The sensitivity of the model to the surface In^gGa^^As and buried InP layer 
thicknesses is shown in figure 6 .8 . It can be seen th a t the surface layers influence 
more the 2.2-3.3eV region while the InP layer influences the l-2eV region. The 
contribution to the m easured spectra of each layer is clearly distinct and restricted 
to a particu lar energy region.
Figure 6.9 shows the m easured and best fit spectra for EPI7, the other three-layer 
sample. The resu lt of using both the scale shifted, with 3% "negative voids", and 
unshifted spectra are shown. The agreem ent between the m easured and sim ulated 
spectra is good, bu t not as close as with the previous sample, EPIIO. Below 
approxim ately 1.8eV and in  the 3-4eV region, correspondence of both fits is poor 
which is again attribu ted  to the buried layers. A slight im provem ent in  the fit is 
seen w ith the scale shifted values below 1 .8 eV. The sensitivity of the two buried 
layer thicknesses is shown in figure 6.10. The surface In^gGa ^^As layer behaves 
as the equivalent layer in fig. 6 . 8  (left hand fig.) for EPIIO. Similarly, as w ith 
EPIIO, the buried layers influence the low energy region of the spectrum  below 
3eV, w ith the lower In^Ga^^As layer having the dom inant effect a t low energy.
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Although, there is a large overlap of contributions in this region i t  is still possible 
to distinguish the effects of each layer.
The results of fitting the four layer sample, E PI 8 , is shown in figure 6.11. The 
model uses scale shifted values w ith an  2 0 Â surface oxide layer and 2 % "negative 
voids". A reasonably good correspondence is found a t higher energies bu t 
deteriorates m arkedly below 2eV.
To obtain the tru e  dielectric data for the thick single In^Ga^^As and Al^Ga^gAs 
te s t layers, the effects of the substrate  need not be considered since the optical 
penetration  depth is less th an  the layer thickness for energies above the 
fundam ental bandgaps of approximately 0.8 and 1.5eV for the two ternaries 
respectively. Thus, only surface oxide removal is required in these samples to 
obtain the true  dielectric spectra for the epilayers used in the m ultilayer samples.
Figure 6.12 shows the effect on n and k^  ^ of removing the surface oxide layer from
I
both the thick In^gGa^^As and Al^glnr^gAs layers compared to the reference I
InggGa^yAs data^^^  ^ and the InP data^^®’. Good agreem ent is found for the 
lUggGa4 ,As data. I t is therefore expected th a t using this m easured In^gGa^As 
data  in  modelling EPIIO will not significantly improve the fits already obtained 
in  fig. 6.7 since the reference data previously used corresponds very well w ith th a t 
m easured from the actual m aterial used. Figure 6.13 shows the resulting fits to 
EPI7 using the m easured Al^In^gAs data. A significant im provem ent is seen over 
the previous fit in  fig. 6.9 (long dash). Similarly, figure 6.14 shows a very much 
improved fit to E PI 8  compared to the previous fit of fig. 6.11 (long dash), w ith a 
good correspondence below 2.5eV. The best fit to EPIIO is shown in figure 6.15.
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This shows a very sim ilar fit to th a t obtained previously in fig 6.7 (long dash), 
w ith only slight im provem ent in  the layer thicknesses as expected.
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F i ^ r e  6.5. (n) of the thick (2.8pm) Al^^In^As layer (------ ) compared w ith InP +
20Â GaAs oxide (-------- ) and scale shifted InP + 2 0 Â GaAs oxide ( -------- ).
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Figure 6 .6 . (n> of the thick ( 1 pm) In^gGa ^^As layer (------ ) compared w ith  the
reference InggGa^^As ( -------- ), In As (-------- ) and GaAs ( ..... ), all calculated with
27Â GaAs oxide .
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Figure 6.7. M easured tan\|/, cosA spectra (------ ) and the best fit ( --------) for sample
EPIIO. The model includes: 23Â of GaAs oxide, 170Â In^Ga^^As, 4540Â InP. 
InggGa 4 7 AS is trea ted  as the substrate.
Energy (eV) Energy (eV)
. 6
. 1
0
Figure 6 .8 . Sensitivity of the In  ^ ^^ Ga ^^As and InP layers to varying thicknesses for
EPIIO. Left: 140Â ( --------) ,  170À (-— ), 200Â (-------- ) Ins^Ga^As; right: 4300Â (
 ), 4540Â (------ ). 4780Â (-------- ) InP.
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Figure 6.9. M easured tan\}/, cos A spectra (------ ) and the best fits for sample EPI7
using  the scaled InP  data  for Al^In^gAs. The models are shown including ( --------)
and  w ithout (-------- ) shifts to allow for the increased bandgap. The model includes:
2 2 Â GaAs oxide, 160Â In^Ga^yAs, 500Â Al^gln^As, 735A In^gGa^yAs and InP 
substrate .
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Figure 6 . 1 0 . Sensitivity of the Al^IuggAs and buried In^Ga^^As layers to varying 
thicknesses for EPI7. Sensitivity to the surface In^Ga^^As layer is as for EPIIO.
Left: 450Â ( -------- ) , 500Â (------ ), 550Â (-------- ) AÎ ^gln ggAs; right: 660Â ( --------- ),
735A (------ ), 810Â (-------- ) In^G a.yA s.
161
Chap ter 6
. 6
5
.  4
. 1
0
. 5
<
. 5
Energy (eV)
Figure 6.11. M easured tanxj/, cos A spectra (------ ) and the best fit ( -----—) for sample
E P I 8 . The model includes: 2 0 Â of GaAs oxide, 300Â In -gGa ^^As, 295Â Al^gln^gAs. 
185Â InggGa^^As, 1770Â A l^ In ^A s. InP is treated  as the substrate.
/ /
2 3 4 5
Energy (eV)
Figure 6 .1 2 . <n> of the thick (Ijam) In^gGa^^As layer (------ ) and (2 .8 pm) Al^In^gAs
( --------) from th is work compared to In^Ga^^As from ref. 27 (-------- ) and InP-(-----
—) from ref. 26.
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Figure 6.13. M easured tan\j/, cos A spectra (------) and the best fit ( -----—) for sample
EPI7. The model includes: 24Â of GaAs oxide, 1 2 0 Â In ggGa 4 7 AS, 451Â Al ^gln ^ gAs, 
and  784A lUggGa ^^As. InP is trea ted  as the substrate .
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Figure 6.14. M easured tan\}/, cosA spectra (------ ) and the best fit ( ------- ) for sample
E P I 8 . The model includes: 2 1 Â of GaAs oxide, 254Â In^gGa^^As, 295Â Al^IuggAs, 
196A luggGa^yAs and 1842Â Al^In^gAs. InP is treated  as the substrate.
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Figure 6.15. M easured tanxj/, cosA spectra (------ ) and the best fit ( ------- , --------- ) for
sami^le EPIIO. The model includes: using In^Ga^^As from this work ( --------) w ith
21.5Â GaAs oxide, 161Â In^Ga^^As, 4525Â InP, 3.03pm In^gGa^^As and InP as
the  substrate; using In ^ G a^ A s from ref. 27 ( ) w ith 23Â of GaAs oxide, 170Â
InggGa^^As, 4540Â InP, 3.03pm In^Ga^^As and InP as the substrate .
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6.6 D iscu ss ion
6.6.1 Scale Shifted  D ielectric  D ata
For the  thick layer, fig. 6 .6 , its dielectric function is expected to be
some combination of its constituent binaries and is thus expected to lie in between 
these spectra as observed. The m easured and reference spectra are in  excellent 
agreem ent a t  the peak energy positions and indicates th a t both the lattice 
m atched condition and a 53% In composition have been achieved. This can be 
concluded since a non-lattice m atched condition will produce in terna l stra in  w ithin 
the epilayer resulting in a broadening and shift in energy of these peaks^^^l A 
different composition would sim ilarly cause a shift in energy'^ ''^ '^  ^ of the whole 
spectrum . Therefore since the epilayers are of the same composition and grown 
under identical conditions it  can be concluded th a t they are also lattice matched, 
as confirmed by x-ray analysis. The model fitted to EPIIO (long dash), fig. 6.7, 
shows a good fit which deteriorates below 1 .8 eV. Here the lower In g-jGa 4 7 AS layer 
is too thick to be m easured since its fundam ental threshold is approxim ately 0.8eV 
and therefore its  absorption is high in  this m easurem ent range where the optical 
penetration  is high. This buried In^gGa^^As layer was therefore treated  as the 
substra te  in  the model. F u rth er im provem ents to the model were made by 
including mixed interfaces between epilayers bu t their effect on the final spectra 
were m arginal and changed the resulting epilayer thicknesses by a few angstrom s. 
Consequently, this was not performed on the other samples. This indicates high 
sample interface quality. Table 6.1 shows a comparison of the resulting 
thicknesses obtained from modelling using the reference data  and scale shifted
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Al^glUggAs data, 1, direct m easurem ent (M) and the nominal (N) growth values. 
Excellent agreem ent is found w ith the direct m easurem ent which suggest the fit 
is b e tte r th an  i t  appears. The first layer thickness appears th inner than  the 
m easured value. This is m isleading, since the total layer thickness should be the 
sum  of the oxide and first layer because the oxide is m aterial consumed during its 
formation. The effect on the spectra of varying the epilayer thicknesses, shown in 
fig. 6 .8 , clearly shows the effect of each layer is quite distinct w ith low cross­
correlations and lead to the low 90% confidence lim its given in table 6.1. For EPI7, 
fig. 6.9 shows a reasonably good fit is obtained with both the shifted (long dash) 
and unshifted data (short dash) both modelled with 3% "negative voids", the 
form er having a slight im provem ent in the 1.4-1.6eV region. This is expected since 
it  is th is region th a t the shifted Al^gln^As data is valid. At higher energies, 2.5- 
4eV, the correspondence is not as good, as expected, since th is region should be 
dom inated by the th in  upper In^gGa^^As layer, which as we have seen from fig. 
6.7 (long dash), for EPIIO, gives a good correlation with the reference data and 
should therefore give an accurate fit. This discrepancy is therefore due to the 
buried  A14 gln 5 gAs layer which, as shown by the A14 gln .^As thickness variations in 
fig. 6.10, will contribute up to approximately 3eV. The thickness variation of the 
upper lu  gyGa 4 ^As layer responds in an identical way to th a t of the corresponding 
epilayer in  fig. 6 . 8  for EPIIO (left hand fig.). The XTEM thicknesses of the upper 
layers are in  very good agreem ent w ith the model, w ith the lower layer having an 
underestim ate of upto 9%, although the total structure thickness is only a few 
percent under. This underestim ate is alm ost certainly due to the procedure used
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to sim ulate the Al^gln^gAs dielectric data.
For E P I 8 , fig. 6.11, no fit could be obtained w ithout the "shifted" data due to the 
dominance of the absorption in the thick lower layer. Reasonable fits could be 
obtained using the "shifted" data  (long dash) scaled, in  th is case, w ith 2 % 
"negative voids". Again the lim iting accuracy of the fit is alm ost certainly the 
A14 gln ggAs data. Surprisingly, however, the resulting thicknesses are in relatively 
good agreem ent w ith the direct techniques except for a 7% underestim ate of the 
lower Al^gluggAs layer which is sim ilar to the uncertainty  observed for the 
A l^ In ^ A s  layer of EPI7. By accounting for the errors in the XTEM m easurem ent 
the discrepancy is reduced to 2-3%. For th is structure higher cross-correlations are 
obtained between the layer thicknesses, particularly  the upper In^Ga^^As and 
Al^glnggAs layers, leading to the increased confidence lim its shown in table 6 .1 .
6.6.2 M easured D ie lectr ic  D ata
For the thick In ^ G a  4 7 AS layer, models of varying oxide thicknesses using GaAs^^^  ^
oxide data were constructed, from which the free standing In-gGa 4 7 AS layer was 
isolated and  compared to the reference data  of Aspnes and EtockeP^^' (short dash). 
The resu lts  are shown in fig. 6 . 1 2 . The peak energy transitions E  ^ and E^, a t 
approxim ately 2.5eV and 4.3eV respectively, correspond to critical points of the BZ 
and were m atched to the reference data by removing an oxide thickness of 25Â 
from the m easured spectra (solid line). Below 2.5eV the comparison is not so good 
and could not have been sim ulated w ithout losing the m atch a t the E^ critical 
point.
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Dielectric values for Al^In^gAs over a lim ited range have been obtained by 
Alterovitz et. al.^ ^^ ’^ w ith a large oxide thickness and are m atched to the m easured 
data. The oxide thickness of the Al^In^^As layer is more difficult to estim ate. This 
was m atched, as before, to reference 36 by changing the oxide thickness of the 
model until a good fit a t the peak energies, E, and E^, was obtained. This could 
not be achieved, so a m atch w ith the E^ peak was made. Reasonable agreem ent 
over m ost of the energy range was obtained by removal from the m easured spectra 
of 32-35Â overlayer, again assum ing an GaAs oxide data*'*"’. This oxide thickness 
is due to the highly reactive n atu re  of Al. For oxide thicknesses outside th is range 
it was found th a t certain  parts  of the m easured spectra could be m atched but 
produced correspondingly worse fits to the m ultilayer sam ples incorporating 
Al ^ glnggAs. Figure 6 . 1 2  shows the Al ^gln -^As dielectric data (long dash) with 32Â 
of oxide removed, also shown is the data for InP (dot-dash). The large spatial 
separation of these spectra m eans th a t SE can distinguish between contributions 
from each layer. Clear differences in  the spectra are observed even though the 
layers are lattice m atched as confirmed by x-ray. The m easured spectra of fig. 6.12 
were used in  modelling to fit the previously measured m ultilayer spectra. For 
GaAs oxide, GaAs, InP and Al^Ga^^gAs*^ '^^ '^^ ^  ^ data was again taken  from 
literatu re . The resulting  models produced excellent correspondence with the 
m easured data, having a low m ean square difference. This is m arked im provem ent 
on the fits obtained previously in figs. 6.7-6.11 using the scale shifted dielectric 
data. These are shown in fig. 6.13, 6.14 and 6.15 for EPI7, 8  and 10 respectively. 
As discussed previously, the spectra are sensitive to the surface layers (with oxide)
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alone in  the high energy region above approximately 2.3eV due to the high 
absorption and low penetration depth. The underlying layers contribute to 
different regions due to the different absorption, variations as shown in  figure 
6.12. This diagram  indicates th a t a t least four different alloy layers can be 
characterised. Cross-correlations between these individual layer thicknesses were 
all approxim ately less th a t 90% giving good confidence in the fitted values. Figure 
6.15 shows a comparison of the fit using In  ^ G a ^^As data from ref. 27 (short dash), 
shown in fig. 6.7, and the m easured data (long dash) for EPIIO. Clear 
im provem ents are seen, where the lower In^Ga^^As layer was now treated  as an 
epilayer and not used as the substrate, as in the previous modelling. The fits using 
the m easured data  are better because it is more appropriate for the samples 
investigated here since it  was determ ined from reference sam ples grown under 
identical conditions and m easured with the same instrum ent. This indicates th a t 
good accuracy can be achieved with accurate dielectric reference data. The 
thicknesses obtained from modelling using the m easured Al^gln^^As and 
In  sgGa 4 7 AS dielectric data are compared to those of the destructive techniques in 
table 6 .1 , 2 . The resulting fits show excellent correspondence w ith the destructive 
techniques and produce 95% confidence lim its which are much reduced from those 
obtained previously. For the upper m ost layers the total of the In -gGa 4 7 AS and the 
oxide thicknesses determ ined by SE should be compared with XTEM, since, as 
s ta ted  in  section 6 .6 .1 , the oxide represents m aterial consumed during its  
formation. From  table 6.1, it can be seen th a t the SE determ ined layer thicknesses 
are close to the XTEM values w ithin experim ental error. For EPI7 and 8  the
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values of the lower layers are in better agreem ent with XTEM values. Differences 
m ay arise from thickness variations across the sample wafer since the area used 
for m easurem ent were not identical. For EPI7 and 8  the excellent fits have 
improved the correspondence of the resulting  thicknesses of the lower layers with 
the destructive techniques.
6.7 C onclusion
SE has been applied for the first tim e to a num ber of III-V m ultilayer systems 
incorporating InGaAs and AlInAs to determ ine in a non-destructive m anner layer 
thicknesses and composition. Very good agreem ent has been obtained with the 
destructive techniques with errors ranging from 1-10%. The largest errors were 
introduced through a procedure used to estim ate the Al^In.-gAs reference data  
from th a t of InP values. All the fits became worse towards low energy near the 
lower lim it of detection where contributions from the buried Al ^gln^^gAs layers 
dom inated and absorption w ithin the epilayer is high. However, even with these 
lim itations the correspondence with the destructive techniques is good. 
Dielectric spectra of the single thick Alo g^Al^  .-gAs m easured for the first tim e in 
th is energy region, and In^^-gGao ^ yAs layers have been isolated from test samples 
grown under identical conditions and used as reference data to analyses SE 
spectra of the m ultilayers. A comparison of the resulting modelling showed th a t 
for the InggGa 4 7 AS case only a m arginal im provem ent in the fits was found. This 
suggested the surface oxide layer had little  effect on the final thicknesses obtained 
since in  the previous modelling In -gGa 4 7 AS data with a surface oxide was used.
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However, excellent fits were obtained for the samples containing Al ^gln^gAs even 
a t low energies which were better than  those using reference data  from lite ra tu re  
and  the scale shifted dielectric data. This resulted in  very good agreem ent w ith 
XTEM values. The effect of using accurate dielectric data produces a clear 
im provem ent in  the fit b u t resu lts  in  only a slightly improved correspondence with 
the m easured values of thickness. The closeness of the fit gives confidence in the 
modelled thicknesses. This suggests th a t the lim iting factor in determ ining 
accurate fits is having dielectric data of the actual samples being tested. For 
accurate sim ulation this implies th a t test epilayers would need to be grown from 
which the dielectric data  could be determ ined. The effect of the interfacial 
roughness is not im portan t and does significantly changed the modelled thickness 
and suggests the interfacial m aterial quality is high. This work has shown th a t 
SE is an  excellent tool in determ ining epilayer thicknesses of m ultilayer structures 
non-destructively and dem onstrates potential for routine m easurem ent of 
thicknesses. Thus, this technique has very good potential for in-situ  non­
destructive evaluation.
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Conclusions
Photoreflectance (PR) has been shown to be a wide ranging and versatile tool in 
the characterisation of III-V semiconductors. Excellent fits to the PR spectra were 
obtained th a t is unrivalled by previous fitting techniques. The Kram ers-Kronig 
(KK) analysis proved very successful in identifying PR transitions and obtaining 
in itia l estim ates for use in  the TDFF fitting. This revealed PR structures th a t 
could easily be overlooked w ithout accurate fitting. For example, the complex GaAs 
structures observed from samples of single InGaAs epilayers grown on GaAs 
substrates. These required three or four oscillators for fitting. This implies th a t 
the corresponding num ber of electronic transitions are occurring. Interference 
effects were attribu ted  to the distorted GaAs lineshapes. The KK analysis was also 
successful in  fitting overlapping structures, the transition  energies of which agreed 
well w ith the predicted values. Q uantum  well PR features which were much 
sm aller in m agnitude th a t other features from the substrate  and/or the barriers 
were easily and accurately modelled. The techniques was extended to PR features 
which formed, for example, a shoulder on the larger features.
PR proved successful in  m easured the VB splitting in  strained InGaAs epilayers 
grown on GaAs substrates and the  shear deformation potential. The epilayer
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composition and residual s tra in  were m easured using double crystal x-ray 
diffraction. The m easured heavy- and light-hole splitting agreed very well w ith the 
x-ray values. The valence band splitting revealed two or th ree structures. Two of 
which corresponded to the light- and heavy-hole valence manifolds. The origin of 
the th ird  structures rem ains unclear. However, it position corresponded very well 
in  In  composition to th a t of a relaxed layer for all bu t one of the samples in  which 
it was observed. The shear valence band deformation potentials obtained are 
approxim ately w ithin the range obtained by other workers. Its value proved to be 
highly sample dependent and independent of In composition.
The quantum  well confined transitions in InGaAs/AlGaAs quantum  wells grown 
on GaAs have been observed and modelled. The first two observed transitions were 
used to calculated the well w idth which agreed well w ith the nom inal value. Both 
sym m etry allowed and forbidden transitions were observed which showed 
reasonable agreem ent w ith the predicted transitions using a square potential well 
profile. The discrepancy in  some of the higher transitions w ith the predicted 
transitions was a ttribu ted  to effects such as using an idealised quantum  well 
model and possible errors in  the well In  composition and width. This comparison 
became worse as the num ber of observed transition  increased and was reflected 
in  the increased offset errors of upto 8 %. The corresponding offset values were 
w ithin  the range predicted by other workers. PR can be regarded as being 
successful in m easuring the band offsets, however, a num ber of points need to be 
resolved. These include accurate values of the well w idth and composition, correct 
identification of the observed transitions using, for example, polarisation sensitive
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PR and accounting for s tra in  relaxation, if any. These are all entirely realistic 
objectives to achieve which could improve the accuracy of the m easured offset 
values.
Spectroscopic ellipsometry was applied for the first tim e to two, three and four 
lattice m atched m ultilayer device structures to determ ine epilayer thickness and 
composition. The composition was found to m atch well w ith reference dielectric 
data  indicating th a t the lattice m atched condition had  been achieved. Good 
agreem ent was found w ith the destructive techniques for thickness. The largest 
errors were found to resu lt from the procedure used to estim ate AlInAs dielectric 
data  w ithin the m easurem ent range. The modelling procedure was repeated using 
m easured AlInAs dielectric data for the first time. Excellent fits were obtained for 
the sam ples incorporating th is ternary  which resulted in only a slight 
im provem ent in  the thickness values. Accurate dielectric data  is therefore 
essential for modelling m ultilayer structures. Modelling interfacial properties 
improved the thicknesses only m arginally and suggested the sample interfacial 
quality was high. Spectroscopic ellipsometry has been shown to be capable of 
m easuring accurately m ultilayer thicknesses a t room tem perature and non- 
destructively. I t has good potential for in-situ  growth characterisation.
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